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GENERAL INTRODUCTION 
Soybeans originated in China (Probst and Judd, 1973) 
and were introduced into this country as early as 1765 
(Hymowitz and Harlan, 1983). By 1949, almost 12 million 
acres of soybeans were harvested in this country. In 1983, 
because of the 'payment in kind' program, more acres of 
soybeans were harvested in the U.S. than for any other crop 
(Judd, 1984). When one considers the increasing economic 
importance of soybean in the world economy, it becomes 
evident that knowledge of the genetics of the soybean, as a 
system, is imperative. Although physiologic aspects of the 
soybean are routinuely investigated and although the nuclear 
genetics of the soybean are receiving much attention by 
researchers (Gurley et al., 1979; Pellegrini and Goldberg, 
1979; Goldberg, 1978), very little seems to be known about 
the genetics of soybean mitochondria and chloroplasts. 
The early demonstration of a maternally inherited 
mutant trait in soybean (Terao, 1918) suggested that non-
nuclear elements associated with the cytoplasm contained 
hereditary material. Yet, it was not until the early 
1960S that the existence of DNA in mitochondria (Mass and 
Nass, 1963a; Nass and Nass, 1963b) and chloroplasts (Ris and 
Plaut, 1962) was demonstrated. Since then, our knowledge 
and understanding of these organelle genomes has expanded 
greatly. Unfortunately, our knowledge and understanding of 
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the organelle genomes of soybean has not kept pace. 
At the beginning of the research for this dissertation, 
very little was known about the molecular organization of 
soybean organelle genomes. mtDNA from soybean had been 
characterized physicochemically. The buoyant density of 
soybean mtDNA in CsCl was determined to be 1.706 g/cc and 
the G-C contents estimated to be 4-6.9%» Electron microscopy 
analysis determined that the soybean mitochondrial genome 
existed in 7 distinct size classes; all circular (Synenki et 
al., 1978). Soybean mtDNA from 10 sources of soybean 
germplasm had been assayed for diversity by restriction 
endonuclease fragment analyses (Sisson et al., 1978). 
Sisson and co-workers were able to determine that a high 
degree of mtDNA sequence homology existed between soybean 
and its putative ancestors. 
Some ctDNA analysis also had been done at the onset of 
this project. Synenki and others (1978) had determined that 
the buoyant density of soybean ctDNA was 1.697 g/cc, which 
was very similar to that of soybean nuclear DNA (1.694 
g/cc). The ctDNA yield for this study seemed to be very low 
and buoyant density was the only physical parameter 
reported. However, using electron microscopy techniques and 
restriction endonucleases, Chu and Tewari (1982) were able 
to determine that soybean ctDNA contains a region of about 
15.9 - 18% of its monomer length that is repeated in reverse 
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polarity, and that contains the 16S and 23S ribosomal RNA 
structural genes. 
The previously cited research sums up the total of the 
molecular work done with soybean organelle DNAs. These few 
pieces of information hardly do justice to these organelle 
genome when one considers the importance of organelle 
genomes in plant genetics (Harvey et al., 1972; Kihara, 
1982). 
It seems that the life-cycle of higher plants is 
controlled by the interplay of nuclear and cytoplasmic 
genomes: three separate genomes that harmoniously 
orchestrate the complexities of growth, development, and 
senescence (Bedbrook and Kolodner, 1979; Whitfeld and 
Bottomley, 1983; Wallace, 1982; Leaver and Gray, 1982; Gray, 
1982, Levings, 1983). In addition to the obvious phenotypic 
effects of cytoplasmic mutations, such as chlorophyll 
deficiencies (Kirk and Tilney-Bassett, 1968) and cytoplasmic 
male sterility (Flavell, 197-4), cytoplasms have been 
reported to contribute to many other agronomic characters. 
Brim et al. (1968) has reported that fatty acid composition 
and oil content of soybeans is affected by maternal factors. 
Substituting cytoplasms has been shown to affect plant 
growth habits of wheat (Kihara, 1982) and peanuts (Ashri, 
1964.), and maturation times of wheat (Kihara, 1982). Some 
evidence of nucleo-cytoplasmic heterosis also has been 
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reported (Kihara, 1982; Harvey et al., 1972). Although not 
necessarily a heterotic effect, Robertson and Frey (1984.) 
demonstrated a definite nuclear-cytoplasmic interaction in 
Avena which affected agronomic traits such as straw yield, 
plant height, vegetative growth index, and harvest index. 
Chloroplast genes have been shown to code for the produc­
tion of about 80 proteins vitro (Ciferri et al., 1979), 
but isolated chloroplasts take-up about 100 proteins, 
presumably translated from nuclear-encoded cytoplasmic mRNA 
(Grossman et al., 1982). Less than 10% of the total 
mitochondrial proteins are actually mitochondrial gene 
products. The majority are encoded in nuclear DNA, synthe­
sized in the cytoplasm, and imported into the mitochondria 
(Leaver and Gray, 1982). Studies have suggested that 
organelle-organelle interdépendance has proceeded to such a 
degree that actual DNA segments have been exchanged between 
chloroplasts and mitochondria (Stern and Lonsdale, 1982), 
and evidence has been recently found that mitochondria can 
become completely enclosed by chloroplast, perhaps to 
facilitate metabolite exchange (Brown et al., 1983)• In any 
event, the interrelation of organelles genomes has advanced 
to such an extent that it is necessary to understand the 
genetics of all three organelle systems before we can begin 
to understand the genetics of the organism. 
Our information concerning the organization of plant 
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organelle genomes is still quite limited (Wallace, 1982). 
The number of ctDNA-encoded components mapped to the 
chloroplast genome are actually far fewer than are coded for 
on the chloroplast genome (Bedbrook and Kolodner, 1979) and 
the number of plant mtDNA-encoded components mapped to the 
mitochondrial genome are manyfold fewer than can be encoded 
on the mitochondrial genome (Leaver and Gray, 1982; Gray, 
1982). Before we can recognize that a gene exists, we must 
recognize a variant of that gene. Identification of 
organelle genome mediated mutant phenotypes (variants) is a 
critical first step toward locating a genie coding sequence 
on an organelle genome. Therefore, it is necessary to 
identify maternally inherited mutants, and if possible, to 
correlate the mutant phenotype to a specific organelle, i.e. 
choroplast or mitochondria. 
Several factors interact to explain the limited number 
of cytoplasmically inherited mutants available for study. 
Multiple copies of the organelle genomes are present in each 
organelle. One estimate is that 20 - 60 copies of the 
chloroplast genome are present in each chloroplast (Behn and 
Herrmann, 1977). Because of the variability in the the 
structure and organization of the mitochondrial genomes of 
plants the number of copies of the mitochondrial genome 
present in each mitochondrion is not known (Leaver and Gray, 
1982). 
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The polyploid nature of organelles play an integral part 
in 'masking' mutations. Mutagenic events affect only one 
copy of the genome, and since mutations are usually 
recessive, the mutational event is usually not expressed as 
a phenotype. If the mutated genome becomes isolated to a 
single organelle by random segregation the mutant organelle 
must then be propagated. And if the mutant organelles 
become isolated to a single cell by random segregation, the 
mutant trait will only be passed on if that cell is in the 
female germline. Finally, the mutant plant can be recovered 
only if it lives and remains competetive long enough to be 
recognized and salvaged (Palmer and Mascia, 1980). All in 
all, the probability of recovering a cytoplasmically 
inherited mutant from a single mutational event is very 
small. Therefore, identification and analysis of 
cytoplasmic variants are necessary prerequisites to 
understanding the cytoplasmic genetics of a species. 
Therefore, it is critical to identify cytoplasmic variants 
whenever possible. 
Before initiation of the research for this dissertation 
only two cytoplasmically inherited soybean mutants had been 
reported. The first was reported by Terao (1918) and 
involved two different cotyledon colors; yellow (cyt-Y^) and 
green (cyt-G^). The second cytoplasmically inherited mutant 
identified for soybean was reported by Palmer and Mascia 
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(1980). This mutant is a yellow foliar mutant and is 
designated, cyt-Yp. The nature of the molecular lesion 
causing either of these mutants is not known, nor is it 
known in which organelle genome the lesion exists. 
A classical genetic analysis of organelle genomes is 
usually limited to the determination of maternally inherited 
mutant phenotypes. Because of the unique pattern of 
transmission of organelle genomes, genetic analysis by 
conventional recombinational means is not feasible. Genetic 
analysis of the chloroplast genome of Chlamydomonas was made 
possible by irradiating males (mt"*") and then forcing fusion 
with females (mt~). Biparental inheritance of organelles 
was achieved and the resulting recombinational events 
permitted ctDNA linkage maps to be established (Sager and 
Ramanis, 1967). This, however, is a unique example. 
Recombination between mitochondrial genomes has been 
observed following protoplast fusion of two varieties of 
Nicotiana tabacum (Belliard et al., 1979) and following 
protoplast fusion of Nicotiana tabacum and Nicotiana 
sylvestris (Fluhr et al., 1983). This may eventually allow 
classical genetic analysis of mitochondrial genomes of 
higher plants to be performed, but no recombination has been 
reported between chloroplast genomes of higher plants. 
Unless crosses can be designed that involve biparental 
inheritance of organelles, and that involve recombinational 
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events between heterologous genomes (Sager, 1972) an 
analysis of organelle genomes is limited to the realm of 
molecular biology. 
History has shown us that there is an economic 
incentive for concerning ourselves with organelle genomes. 
An epidemic of Southern Corn Leaf Blight nearly devastated 
the hybrid corn industry during the early 1970s. This was 
the result of practices of the industry in hybrid seed 
production that resulted in a uniform cytoplasmic base among 
80% of the hybrid corn in the country (Pearson, 1981). 
Susceptibility to the disease resided in the cytoplasm 
(Levings and Pring, 1976), and when the disease organism 
Helminthosporium maydis race T mutated to produce an altered 
pathotoxin, all maize containing T-cytoplasm were 
susceptible. 
Several reports indicate that the soybean industry may 
be threatened in a manner similar to that of the maize 
industry in the early 1970s. A limited number of soybean 
lines have been used to develop the soybean cultivars 
commonly grown today (Sisson et al., 1978; Delannay et al., 
1983; Johnson and Bernard, 1963). Sisson and coworkers 
(1978) calculated that the maternal ancestors of northern 
and southern cultivars were 'Mandarin', 'Illini', 'Tokyo', 
'Dunfield', 'Mukden', and 'Roanoke', and that their combined 
frequency of occurrence in the parentage of northern and 
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southern cultivars were 51%, 23%, 11%, 8%, 4%, and 4%, 
respectively. Because of this the cytoplasmic base for 
commercially grown soybean cultivars may be narrow and may 
be susceptible to attack by a single disease organism. One 
of the ways to avoid this problem is to establish a multi-
cytoplasmic base among soybean cultivars (Levings and Pring, 
1976; Sisson et al., 1978). Before this can be done, diverse 
cytoplasms need to be identified. This task is probably 
best approached at the molecular level. 
Before any type of molecular analysis of organelle 
genomes can be conducted, organelle DNAs must be isolated in 
relatively large, undegraded quantities. Many techniques 
have been developed for the isolation of mtDNAs and ctDNAs. 
mtDNA has been isolated from both hypocotyl tissue (Sisson 
et al., 1978) and coleoptile and mesocotyl tissue (Shah and 
Levings, 1974) and ctDNA of most species can be isolated 
routinely from young leaf material (Kolodner and Tewari, 
1972). Most of these procedures, and slightly modified 
procedures, entail the use of centrifugation to purify the 
organelles, and light DNAse treatment to rid the organelles 
of associated contaminating nuclear DNA. Though the 
isolation of soybean mtDNA has not seemed to be a major 
problem (Synenki et al., 1978; Sisson et al., 1978), the 
isolation of soybean ctDNA has not been routinely successful 
(Synenki et al., 1978; G. S. Levings, North Carolina State 
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University, Raleigh, North Carolina, personal communication 
J. D. Palmer, Carnegie Institute of Washington, Stanford, 
California, personal communication). Therefore the develop 
ment of a procedure that allows for the routine analysis of 
soybean ctDNA is imperative. Only when we have the DNA 'in 
hand' can we begin to consider various approaches to anal­
yzing it. 
Our approach to modern genetics has been fundamentally 
altered with the development of cleavage site-specific re­
striction endonucleases. These enzymes recognize specific 
nucleotide sequences in double-stranded DNA and cleave at 
the recognition sites (Smith, 1979; Roberts, 1976). Site-
specific cleavage has been the basis for the burgeoning 
field of recombinant DNA technology (Maniatis et al., 1982) 
Restriction endonucleases have served a much wider 
purpose than to simply act as a site-specific 'scissors' in 
gene splicing experiments. Because of their sequence 
specificity they produce electrophoretic restriction 
fragment patterns that can be used as molecular markers in 
identifying individual genomes (Levings and Pring, 1977). 
This aspect of restriction enzymes has been used to 
determine maternal inheritance patterns of organelle genome 
of Zea (Conde et al., 1979), Oenothera (Hachtel, 1980), 
Brassica (Ichikawa and Hirai, 1983), Triticum (Vedel et al. 
1981), and various mammals (Hutchison et al., 1974). 
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Restriction enzymes also have been used to follow organelle 
segregation and assortment following protoplast fusions 
(Scowcraft and Larkin, 1981; Menczel et al., 1981; Fluhr et 
al., 1983), and to provide a molecular 'tag' for unique 
phenotypes such as cytoplasmic male sterility in Nicotiana 
(Frankel et al., 1979), Sorghum (Pring et al., 1982), and 
Zea (Levings and Pring, 1976). They have been used to 
determine phylogenetic relationships (Palmer and Thompson, 
1982; Vedel et al., 1978; Timothy et al., 1979; Kung et 
al., 1982), to estimate general germplasm diversity (Sisson 
et al., 1978; Gordon et al., 1982), and to estimate base 
sequence divergence among species (Adams and Rothman, 1982; 
Upholt, 1977). Because of their wide applicability and 
versatility it is clear that restriction endonucleases are a 
powerful tool for many types of genetic analysis. 
In summary, this introduction has shown that organelle 
genetics play an integral role in 'whole-plant' systems. We 
have found that very little is known about the organelle 
genetics of the soybean and that, considering the importance 
of soybeans as an agronomic crop, this type of gap in our 
knowledge of soybean genetics is unacceptable. It also has 
shown that a new protocol is needed to carry on an analysis 
of soybean ctDNA, that a paucity of cytoplasmic diversity 
probably exists among soybean cultivars, and that diverse 
cytoplasms must be identified. This introduction also has 
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shown that the identification of new, cytoplasmically 
inherited mutants, and the molecular analysis of existing 
cytoplasmic mutants is important in beginning to understand 
the importance of organelle genomes in soybean genetics. 
Finally, I have shown that restriction endonucleases provide 
an excellent means of analyzing genomes. In my research, I 
have managed to touch on all of these problem areas. 
Explanation of Thesis/Dissertation Format 
In the research for my doctoral dissertation, I have 
addressed the basic problem of soybean organelle genetics. 
The research presented here involves both classical and 
molecular analysis of cytoplasmically inherited soybean 
mutants and soybean organelle genomes. I report the 
characterization of a cytoplasmically inherited yellow 
foliar mutant. I also report basic research involving gene 
localization and genome organization of soybean ctDNA. In 
addition, this dissertation contains two sections reporting 
the results of a study to develop a procedure for isolating 
ctDNA from soybean. And finally, I report the results of a 
search for cytoplasmic diversity within soybean germplasm. 
Because of the wide variety of topics and the broad area 
covered in my research, I have chosen to present my results 
as a series of discrete papers, or sections. 
Section I reports on the characterization of a 
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cytoplasraically inherited yellow foliar mutant. This 
section contains three major areas; electron microscopy, 
genetics, and pigment determinations. All of the genetic 
crosses were conducted by the third author, R. G. Palmer. 
All electron microscopy was carried out by the second 
author, A. M. Cody. My contribution as senior author 
entailed all pigment determinations, coordination of sample 
collections for electron microscopy comparisons, scoring of 
F2 and F2 progeny of genetic crosses, and coordination, 
analysis, and interpretation of all data. 
Section II presents the results of a 'basic research' 
project that identified and located to the soybean ctDNA 
physical map, two very important genes; PS II, the gene that 
codes for the atrazine receptor, and LS, the gene that codes 
for the large subunit of ribulose-1,5-bisphosphate 
carboxylase. This research showed that the organization of 
the soybean chloroplast genome was probably similar to that 
of most other legumes. These data were made possible by 
mapping information provided by Dr. J. D. Palmer, and by a 
gift of molecular probes for PS II and LS by Dr. L. 
Mcintosh. 
Section III begins the first part of my research to 
develop a procedure for the routine isolation of ctDNA from 
soybean. This section reports the physical parameters 
necessary to inhibit nucleases associated with crude 
u 
chloroplast preparations. Section IV reports my protocol 
for the rapid isolation procedure used to isolate ctDNA from 
soybeans. 
The first practical application of my rapid isolation 
procedure is shown in Section V. Here, I present the results 
of the use of restriction endonucleases in comparing 
organelle genomes of cytoplasmically inherited soybean 
mutants. 
Finally, Section VI culminates my doctoral research. 
In this section, I report the results of a screening of 
selections from the soybean germplasm collection. These 
selections were made based upon their geographic origins. 
For this work, I isolated ctDNA from each cultivar or Plant 
Introduction using my rapid isolation procedure. Because of 
the volume of work this section represents, and because of 
the techniques used in conducting this research, this 
section is a fitting representative of the work I have done 
for my doctoral dissertation. 
1 5  
SECTION I: CHARACTERIZATION OF A CYTOPLASMICALLY INHERITED 
YELLOW FOLIAR MUTANT (cyt-Yo) IN SOYBEAN 
Abstract 
Genetic analysis of a yellow foliar mutant in soybean 
(Glycine max (L.) Merr.) showed maternal inheritance of the 
mutant phenotype designated cyt-Y?. The mutant was grown 
beside normal green sibs (cyt-G^) under three different 
photosynthetic photon flux densities (PPFD), and samples 
were collected to determine pigment content and for electron 
microscopy analyses of plastid ultrastructure. The plastid 
ultrastructure of cyt-Y^ appeared normal at low PPFD and the 
carotenoid level of cyt-Y^ was also normal, but the 
chlorophyll content was only approximately one-third that of 
cyt-G-g. Under medium and high PPFD, cyt-Yq plastids lacked 
a structured thylakoid, and total chlorophyll content was 
only 28% and 1% normal, respectively; the carotenoid levels 
of cyt-Yq also dropped to 33% and 2%. These data indicate 
that the effect of high PPFD on cyt-Yq might result from a 
deficiency in a plastid membrane protein. The resulting 
changes in membrane configuration could then interfere with 
the accumulation or stabilization of chlorophylls and 
carotenoids, thereby resulting in the subsequent 
photooxidation of both at medium and high PPFD. This mutant 
could be useful in the study of thylakoid biosynthesis and 
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pigment stabilization, or could provide a source of 
conditionally identifiable plastids for organelle 
segregation studies. 
Introduction 
The occurrence of plant chimeras in nature is a common 
phenomenon. Chimeras are a direct result of the segregation 
of normal and mutant organelles into genotypically and 
phenotypically distinct vegetative sectors (Neilson-Jones, 
1969). Entirely yellow or entirely green branches may 
develop depending upon the assortment of organelles in 
meristematic regions. When a floral part develops in a 
mutant sector, the mutant phenotype will be transmitted 
through the maternal gamete. Occasionally, normal 
organelles will be transmitted from mutant sectors. This 
may result in subsequent expression of normal sectors in an 
otherwise mutant progeny. It is not known whether the 
expression of normal tissue is the result of an 'absolute' 
assortment of normal organelles or the result of a threshold 
effect. 
Interactions of normal nuclear and normal cytoplasmic 
factors may result in pigment deficiencies (Stubbe, I964.; 
Schotz, 1970). However, most pigment deficiencies are the 
direct result of either nuclear or cytoplasmic mutations. 
In soybean (Glycine max L.), at least I4 different 
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nuclear mutations for chlorophyll deficiency currently exist 
(Bernard and Weiss, 1973). Two of these, X^'lS 2^11' have 
been analyzed for plastid ultrastructural aberrations. The 
thylakoid systems in were shown to be disrupted, 
resulting in only isolated grana (Palmer et al., 1979). The 
thylakoid system in ^2,1 was shown to be restricted to long 
parallel lamellae that exhibited very few overlapping 
thylakoids (Crang and Noble, 1974). The aberrant 
ultrastructure noted in plastids of j^^l seems to be common 
among chlorophyll-deficient mutants. Similar patterns have 
been reported in maize (Bachmann et al., 1973)> oats 
(Muruyama, I96I), tobacco (Schmid and Gaffron, 1967), and 
barley (MacLachlan and Zolek, 1964). Organization of the 
thylakoid system appears to be dependent upon such 
environmental factors as temperature (Ballantine and Forde, 
1970) and light intensity (Ballantine and Forde, 1970; Meier 
and Lichtenthaler, 1981). 
A cytoplasmically inherited green seed embryo trait, 
cyt-G^, was reported in soybean by Terao (I9I8). The first 
cytoplasmically inherited yellow foliar mutant in soybean 
was reported by Palmer and Mascia (1980). This mutant was 
designated cyt-Yo and was characterized by reduced 
chlorophyll content with progressive greening under both 
field and growth chamber conditions and by normal plastid 
ultrastructural development. We report here the 
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characterization of a second cytoplasraically inherited 
yellow foliar mutant in soybean, cyt-Y^. 
The objectives of our study were to determine the mode 
of inheritance of the mutant phenotype, and to characterize 
the plastid ultrastructure and pigment content of mutant 
plants grown under a wide range of photosynthetic photon 
flux densities. 
Materials and Methods 
Origin and observations 
In 1972, two seeds from a chimeric soybean plant were 
obtained from R. C. Clark, USDA, ARS, Iowa Agriculture and 
Home Economics Experiment Station, Ames, Iowa. The original 
cultivar was unknown. These seeds were grown in the field 
during the summer of 1973 and produced chimeric plants. 
Seeds from these chimeras were planted in the field in the 
summer of 1977, and the resulting plants were either 
chimeras, normal green, or lethal yellow. This mutant 
yellow line was assigned a laboratory Genetic Type 
Collection Number (T278), and the gene symbol cyt-Y? was 
assigned by the Soybean Genetics Committee. The normal 
green sibling line was designated cyt-G^. 
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Genetic studies 
Cross-pollinations were made using standard soybean 
techniques (Paschal, 1976). Floral parts from predominantly 
yellow branches of chimeras (cyt-Y?) were used to maximize 
the transmission of the mutant trait. The cultivar 'Illini' 
was used as the female parent. Illini is homozygous for 
—1^—1 (white flower) and cyt-Yq is homozygous for 
(purple flower). Segregation of plants for purple and 
white flower color in the Fg generation provided evidence 
that F2 hybrids were produced. 
Crosses also were made by using yellow branches of the 
cyt-Yj chimera as female parents and PI 189866 and 'Minsoy' 
as male parents. Mutant line cyt-Y? is homozygous for blunt 
pubescence tip (pb/pb). PI 189866 and Minsoy are homozygous 
for the sharp pubesence tip (Pb/Pb). PI 189866 also is 
homozygous for a chromosome translocation (Sadanaga and 
Newhouse, 1982) and cyt-Yq is homozygous for the normal 
chromosome arrangement. In both crosses, the presence of 
sharp pubescence tips or 50% pollen sterility (translocation 
heterozygote) in the F^ plants confirmed the hybrid origin 
of the Fj. 
Reciprocal crosses also were made between cyt-Y? 
chimera and k2 (Genetic Type T239)» Segregation of the tan-
saddle pattern seed coat trait among the Fg provided 
evidence that F^ hybrids were successfully produced. 
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Growth conditions 
Preliminary results indicated that yellow cyt-Y^ mutant 
plants survived better at lower light intensities. 
Consequently, we were interested in pigment accumulations 
and plastid ultrastructures from plants grown in various 
photosynthetic photon flux densities (PPFD). 
Seed of cyt-G^ (green progeny from chimeras) and cyt-Yq 
(yellow progeny from chimeras) were germinated according to 
the procedure of Palmer and Heer (1973). After 5 days, the 
germinated seed were transferred into pots containing a 3 : 
1 : 1 mixture of loam, sand, and peat and placed in 
environmental chambers. 
Three different environmental chambers were used to 
provide PPFDs of 90, 600, and 2050 microeinsteins sec. 
Illumination was provided for I4. hours per day. Daytime and 
nighttime temperatures were set at 24- + 1° C and 21 + 1° G, 
respectively. 
Seedlings were grown I6 to 18 days before leaflet 
samples were taken for pigment determinations and for 
electron microscopy studies. 
Pigment determinations 
Primary trifoliolates were collected from 21- to 23-
day-old seedlings, placed immediately on ice, and 
homogenized at 4-° G in 85% acetone using a chilled mortar 
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and pestle. The homogenate was centrifuged at 5000 rpm at 
4° C for 10 minutes, the supernatant filtered through a 
Whatman #1 filter. Absorbances were determined at 4-52 nm, 
644 nm, and 663 nm and pigment concentrations were 
determined using the equations of Robbelen (1957): 
chl a (mg/1) = 10.3 (°°663) - 0.918 (<^^644) 
chl b (mg/1) = 19.7 (°°644) - 3.87 (0^663) 
carotenoids (mg/l) = 4.75 (®^452) - (chl a + chl b) 
X (0.226) 
Electron microscopy 
Concurrent with sample collection for pigment 
concentration determinations, leaf punches were taken for 
electron microscopy comparisons. Leaf punches from primary 
trifoliolates were fixed in 2% paraformaldehyde - 2.5% 
glutaraldehyde in phosphate buffer (pH 7.24) for 2 hours at 
4° C (Glauert, 1975). Specimens were rinsed in a cold 1 ; 1 
solution of buffer and distilled water and placed in 
glutaraldehyde in phosphate buffer for 24 hours at 4° G. 
They were then rinsed in buffer and distilled water (l : 1), 
post-fixed with 2% OsO^, dehydrated in a graded acetone 
series, and infiltrated with Medcast. Sections were cut 
with a diamond knife and stained with lead citrate and 
uranyl acetate (Reynolds, 1963) and viewed on a Hitachi HU-
IIC transmission electron microscope. 
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Results 
Genetic studies 
Results of reciprocal crosses made to determine the 
mode of inheritance of the cyt-Y^ phenotype are shown in 
Table 1. In the crosses Illini X Chimera, Chimera X Minsoy, 
T239 X Chimera, and Chimera X T239, single-gene markers were 
used to verify the hybrid origin of the progeny. In the 
cross Chimera X PI 189866, a single-gene marker and semi­
sterility resulting from chromosome interchange 
heterozygosity were used to verify successful hybridization. 
The absence of segregation for the mutant chimera 
phenotype in the F2 generation of the crosses Illini X 
Chimera and T239 X Chimera suggests that the mutant trait is 
not transmitted through the pollen and most likely is a 
cytoplasmically carried trait. The maternal inheritance of 
the yellow phenotype in crosses with PI 189866 and Minsoy, 
and in the cross Chimera X T239 is corroboratory. 
Pigment determinations 
Results of pigment determinations from the three 
different PPFD regimes are shown in Table 2. 
Yellow plants and green plants developed equal amounts 
of carotenoids at PPFD 90, and chlorophyll a/b ratios also 
were very similar. The a/b ratio for yellow plants was 
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Table 1. Observed numbers of progeny in F-| and F2 
generations of soybean crosses between cyt-Yq 
Chimera and Illini, Minsoy, P.I. 189866, and T239 
Parents 
Female Male F^ generation Fg generation 
Illini 
(w^/w^) 
T239 
Chimera 
(W^/Wj) 
Chimera X P.I. 189866 
(pb/pb) (Pb/Pb) 
Chimera X Minsoy 
(pb/pb) (Pb/Pb) 
X Chimera 
Chimera X T239 
(^2/^2) 
20 cyt-G? 
5 oyt-Yq 
sharp tips 
50% pollen 
sterility 
4. cyt-Yg 
sharp tips 
1 Chimera^ 
sharp tips 
2 cyt-Gq 
4 cyt-GQ 
10 cyt-Yji 
5 Chimera 
all cyt-Go 
(seg. W^/Wi) 
16 cyt-Yq 
4 Chimera 
70 cyt-Gi, NSS^ 
29 cyt-GG, SS° 
154 cyt-G-a, NSS 
47 cyt-G?, 88 
54- cyt-Yg, died 
89 cyt-G-3 
1 cyt-Y? 
30 Chimera 
^Progeny of Chimeras were scored for segregation of the 
mutant trait at the primary trifoliate stage. 
^Nonsaddled seed. 
^Saddled seed. 
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Table 2. Pigment concentrations (mg/g fresh wt.) in mutant 
cyt-Yj and normal cyt-G^ soybean lines grown under 
PPFDs of 90, 600, or 2050 microeinsteins sec 
PPFD 90 
Pigment cyt-Gj cyt-Y^ Percent Normal 
Garotenoids 0.093+0.007 0.093+0.010 100% 
Total chlorophyll 0.664+0.047 0.226+0.007 37% 
a/b ratio 2.272+0.110 2.535+0.060 
PPFD 600 
Pigment cyt-G^ cyt-Y? Percent Normal 
Garotenoids 0.227+0.027 0.076+0.007 33% 
Total chlorophyll 0.774+0.009 0.216+0.007 28% 
a/b ratio 2.215+0.060 2.428+0.090 
PPFD 2050 
Pigment cyt-G^ cyt-Yq Percent Normal 
Garotenoids 
Total chlorophyll 
a/b ratio 
0.266+0.024 0.004+0.0004 
1.048+0.048 0.009+0.001 
2.435+0.020 0.953+0.360 
2% 
1% 
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slightly greater than for green plants, but the ratios were 
within the expected range for young soybean plants. Total 
chlorophyll in the yellow plants was approximately one-third 
the level found in green plants. 
A concomitant increase in carotenoid level was noted in 
green plants when PPFD was increased to 600. Yellow mutants 
did not respond to increased PPFD in this manner. 
Carotenoid level of the yellow mutant decreased slightly. 
Chlorophyll a/b ratios were similar between green plants and 
yellow plants, and the a/b ratio for yellow plants was 
slightly greater than for green plants. Total chlorophyll 
in yellow plants was slightly less than one-third the level 
in green plants. 
Green plants produced more than 1 mg chlorophyll/g 
fresh weight while chlorophyll production of yellow plants 
dropped precipitously when PPFD was increased to 2050, 
approximately the intensity of full sunlight on a horizontal 
surface. The carotenoid level of yellow plants also was at 
a barely perceptible level, (2% of the level found in green 
plants) and the chlorophyll a/b ratio of yellow plants 
dropped to approximately 1. At this high PPFD, yellow 
plants produce only about 1% of the total chlorophyll 
produced by normal green plants. As might be expected from 
these data, high light intensities are lethal to the yellow 
plant. 
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Electron microscopy analysis 
Samples were collected for electron microscopy analyses 
concurrently with samples collected for pigment 
determinations. The results of the electron microscopy 
c o m p a r i s o n s  a r e  s h o w n  i n  F i g s .  1 - 6 .  
The plastids of yellow plants appeared normal in most 
respects when compared with plastids of normal green sibs at 
PPFD 90. Plastids of the mutant, however, were smaller than 
plastids of the normal greens, and mutant plastids showed a 
conspicuous absence of starch. Both green plants and yellow 
plants exhibited a well-defined plastid thylakoid system 
with long parallel lamellae and grana stacking, normal-
appearing ribosome distribution in the plastid stroma as 
well as in the cytoplasm, and normal-appearing mitochondria. 
When PPFD was increased to 6OO, the grana stacking in 
plastids of green plants was very well organized, but 
completely absent in plastids of yellow plants. Plastids of 
yellow plants again contained no visible starch deposits. 
The thylakoid system in plastids of green plants showed a 
disorganization and a widening of the separations between 
the granal discs at PPFD 2050. Ribosomes were clearly 
visible and well-distributed in the cytoplasm and in the 
plastid stroma of green plants at PPFD's 6OO and 2050. In 
yellow plants, ribosomes were clearly visible and well 
Figures 1-6. Photomicrographs of plastids from cyt-G^ 
and cyt-Yi seedlings grown under three 
different PPFD 
G = grana, Ds = dictyosome, Mt = 
mitochondrion, Os = plastoglobuli, Pf = 
phytoferritin molecules, R = ribosomes, S 
= starch, St = stroma. Bar scales 
represent 0.5 urn. Figs. 1, 3, and 5. 
Plastids of cyt-Gi seedlings grown under 
PPFD 90, 600, and 2050 microeinsteins M~2 
sec-1 , respectively. Figs. 2, 4, and 6. 
Plastids of cyt-Y? seedlings grown under 
PPFD 90, 600, and 2050 raicroeinsteins 
sec-1, respectively. 
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distributed in the cytoplasm but were seen only infrequently 
in the plastid stroma. 
Discussion 
Much classical genetic information has been the direct 
result of mutation. Before a genetic function can be 
determined unambiguously, a concomitant genetic malfunction 
must be recognized. Mutations in organelles are difficult 
to obtain because of the multiple copies of the organelles, 
the polyploid nature of the organelle, and the competitive 
disadvantage of most mutations. Therefore, obtaining and 
characterizing a new cytoplasmic mutant may provide valuable 
material for the subsequent study of organelle genome 
functions and nuclear-cytoplasmic interactions. 
The presence of green and chimeric plants in the 
generation from a cross involving a predominantly yellow 
branch of a chimera, as female, is not discordant with the 
uniparental inheritance of the cyt-Yq phenotype. It is 
expected that 'normal' organelles are present in some cells 
of a mutant sector of a chimera. If the cell containing 
both mutant and normal organelles is located in reproductive 
tissue, the normal phenotype may be transmitted. This 
transmission could result in normal green plants or more 
chimeras. 
A paucity of grana stacking in a chlorophyll-deficient 
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mutant is a fairly common phenomenon, and, because of this 
the oyt-Yq phenotype is not unique. An underdeveloped 
ultrastructure has been shown to be typical of plastids that 
are lacking in chlorophyll and carotenoids (Shumway and 
Weier, 1967; Murakami, 1962). Therefore, the absence of a 
structured thylakoid system in the mutant plastids at PPFDs 
where chlorophyll and carotenoid levels were declining is 
expected. 
Carotenoids have been implicated in the protection of 
chlorophyll from photooxidation (Robertson et al., 1966; 
Anderson and Robertson, I960). Therefore, loss of 
carotenoids could account for some reduction in chlorophyll 
content at higher PPFD. However, the reduced chlorophyll 
content in cyt-Yq, at PPFD 90, accompanied by a normal 
carotenoid level at the same PPFD precludes the suggestion 
that the reduction in chlorophyll at higher PPFDs is due 
totally to carotenoid loss. 
More likely, the cyt-Y^ phenotype is the result of a 
mutation in a plastid-encoded gene for a membrane protein. 
Possibly, this mutation has occurred in a gene coding for a 
plastid membrane protein essential for normal grana 
formation. The resulting changes in membrane configuration 
could conceivably interfere with the accumulation and/or 
stabilization of both chlorophylls and carotenoids. 
Therefore, medium and high PPFDs could result in 
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photodestruction of both types of pigments. The reduction 
in chlorophyll content at PPFD 90 suggests that chlorophyll 
is more sensitive to destabilization than are the 
carotenoids. 
Ribosomes play an integral part in the translational 
apparatus of a plastid. In maize, iojap (ij.) induces 
abnormal plastid differentiation through a reduction in 
chloroplast ribosome numbers (Walbot and Coe, 1979). The 
presence of a normal number of ribosomes in the stroma of 
cyt-Yi plastids at a low PPFD would preclude the argument 
that abnormal plastid development might be due to a defect 
in chloroplast ribosomes, which would hinder protein 
synthesis and subsequent thylakoid development. The paucity 
of ribosomes in the stroma of mutant plastids at medium and 
high PPFD may be a secondary effect of the disruption of the 
plastid internal systems. 
On the basis of our analysis of this mutant, we 
conclude that the mutant phenotype is inherited maternally 
and is probably the result of photooxidation of 
chlorophylls, coupled with an inability to develop a 
structured thylakoid system under moderate to high PPFD. 
Though this mutant probably has limited value to 
classical soybean geneticists, it may be of interest to 
plant physiologists and somatic cell geneticists. The 
responsiveness of the mutant to various PPFD may provide 
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membrane physiologists with a vehicle by which to study the 
biosynthesis of the thylakoid and the stabilization of 
chlorophylls. The distinguishing characteristics of mutant 
plastids at medium and high PPFD, but not at low PPFD, may 
provide an interesting basis for cybrid production and 
organelle segregation studies. 
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SECTION II; PHYSICAL LOCATION OF THE GENES FOR THE LARGE 
SUBUNIT OF RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE AND 
THE ATRAZINE RECEPTOR PROTEIN ON THE 
SOYBEAN CHLOROPLAST GENOME 
INTRODUCTION 
The chloroplast genome of anglosperms consists of a 
closed circular molecule ranging in size from 87 Md (Zea 
mays to 120 Md (Splrodela oligorrhiza) (Wallace, 1982). 
With few exceptions, all vascular plant ctDNAs mapped to 
date, exhibit a uniform gene organization. 
Most vascular plant ctDNAs, such as corn (Bedbrook and 
Bogorad, 1976), spinach (Kolodner and Tewari, 1979), petunia 
(Bovenberg et al, 1981), tobacco (Jurgenson and Bourque, 
1980), wheat (Bowman et al, 1981), mung bean (Palmer and 
Thompson, 1981), cucumber (Palmer, 1982), nasturtium and 
daffodil (Thompson et al, 1981) mustard (Link et al, 1981) 
and soybean (Chu and Tewari, 1982) contain two copies of the 
rRNA genes which are located within inverted repeat segments 
of DNA. The only known angiosperm exceptions to this are 
found among the legumes. These exceptions are Pisum sativum 
(pea) (Lamppa and Bendich, 1981), Clcer arietinum (chickpea) 
(Chu and Tewari, 1982) and Vicia faba (broad bean) (Roller 
and Delius, 1980). Chickpea, pea and broad bean contain only 
one of the repeats and consequently, only one copy of rRNA 
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genes. 
Recent studies of the sequence arrangements of 
chloroplast genomes for several angiosperms have shown yet 
another exception which is common to legumes. Legume ctDNAs 
possess a large 50 kb inversion relative to the ctDNAs of 
petunia, spinach, cucumber, and corn (Fluhr and Edelman, 
1981; Palmer and Thompson, 1982). 
The chloroplast genome of a typical vascular plant has 
the size potential to encode about 100 average size proteins 
(Bedbrook and Kolodner, 1979). Genes coding for two of the 
major components of the chloroplast, the large subunit of 
Ribulose bisphosphate carboxylase-oxygenase (LS) and a 
photoregulated 32 kd thylakoid membrane protein (PSII), have 
been located on the physical maps of chloroplast genomes of 
many species. In all of the species mapped to date, the PS 
II gene has been found to be located contiguous to one of 
the inverted repeat segments (Palmer and Thompson, 1982). 
In petunia (Palmer and Thompson, 1982), cucumber (Palmer, 
1982), corn (Bedbrook et al., 1979) and spinach (Whitfeld 
and Bottomley, 1980) the LS gene maps in the large single-
copy region, approximately midway between the inverted 
repeats. An exception to this arrangement is found in 
legumes where the LS gene is located directly adjacent to 
the PS II gene (Palmer and Thompson, 1982). 
It seems obvious that among angiosperms, the genomes of 
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chloroplasts are highly conserved. It seems equally 
obvious that exceptions to this rule of conservation are 
found among the legumes. To better understand the physical 
and genetic structure of chloroplast genomes of legumes it 
is necessary to obtain as much information as possible from 
as many sources as possible. Because of the variation found 
among the ctDNAs of legumes and because of the agronomic 
importance of soybean, we wanted to locate the coding 
sequence for the PS II and LS genes onto the ctDNA of 
soybean to see if the location of these genes coincided with 
their location in other chloroplast genomes, or to see if 
soybean ctDNA represented yet another unique variation. 
Our objectives in this research were to locate the PS 
II and LSU genes to their physical location on the soybean 
ctDNA. To do this, we isolated ctDNA from soybean and 
restricted the ctDNA with the same enzymes used to construct 
the physical map of the soybean chloroplast genome. We then 
separated the DNA fragments by electrophoreses. By use of 
Southern blotting (Southern, 1975) and hybridization with 
molecular probes of the maize PS II and LS genes we 
identified sequences on the soybean ctDNA that were 
homologous. We related the sequence homologies directly to 
the soybean ctDNA map (Palmer et al., 1983). In this way, we 
located the PS II and LS genes to their relative position on 
the soybean ctDNA physical map. 
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Materials and Methods 
Molecular probes and ctDNA physical map 
We obtained a Hinc Il/BamH I fragment of maize ctDNA 
containing the coding sequence of the LS gene cloned into 
pUC 8, and an EcoR l/BamH I fragment of maize ctDNA 
containing the coding sequence for the rapidly synthesized 
34-«5 (processed to 32 kd) thylakoid membrane protein 
implicated in atrazine binding (PS II gene), cloned into pBR 
322. Both of these probes were generous gifts from Dr. L. 
Mcintosh, MSU-DOE Plant Research Laboratory, Michigan State 
University. 
We also obtained a preliminary restriction map of the 
soybean ctDNA showing restriction sites, fragment sizes, 
location and sizes of the inverted repeats, and the location 
and sizes of the rRNA genes. This information was provided 
as a gift from Dr. J. D. Palmer, Carnegie Institution of 
Washington, Department of Plant Biology, Stanford, 
California. 
Isolation of ctDNA 
Chloroplast isolations from soybean were carried out 
according to the procedures of Kolodner and Tewari (1975), 
with the following modifications. We used about 200 g of 
fresh tissue and our homogenization buffer contained as 
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additional ingredients, 0.005 M diethyldithiocarbamate and 
0.005 M spermidine. 
We suspended the purified chloroplasts in 5 ml of ice-
cold high-TE buffer (0.05 M Tris, 0.02 M NagEDTA, pH 8.0) 
and added 200 ul Pronase (5 mg/ml). The chloroplast 
suspension was incubated at 37° C for 15 - 20 minutes and 
then placed on ice. Chloroplasts were lysed with the 
addition of 200 ul of 10% SDS. Lysate volume was brought to 
8 ml in high-TE buffer and 8 g of GsCl was added. The tube 
containing the lysate was gently inverted until the CsCl was 
completely dissolved. We then added 300 ul of ethidium 
bromide (10 mg/ml) and again gently inverted the tube until 
the ethidium bromide was thoroughly mixed. 
Isopycnic centrifugation of the above solution was 
carried out in Beckman ultracentrifuge using a Ti50 rotor. 
We centrifuged at 36,000 rpm for 4-8 hours, after which the 
DNA was visualized by irradiating the tube with long-wave 
ultra-violet light. The fluorescing band of DNA was removed 
by use of a plastic disposable pipette. Ethidium bromide 
was removed from the DNA solution by using several 
extractions of isopropanol saturated with 20 X SSC and the 
sample was dialyzed overnight in 4- L of low-TE buffer (0.01 
M Tris, 0.005 M Na2EDTA, pH 8.0). The sample was then 
ethanol precipitated and resuspended in 250 ul high-TE 
buffer. Contaminating protein was removed by extracting 
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several times with DNA-grade phenol. The phenol was removed 
with two to three washes of ether. The sample was again 
ethanol precipitated and resuspended in 50 ul low-TE buffer. 
Restriction endonuclease digestion and electrophoresis 
The ctDNA was digested with 10-30 units of the enzyme 
of choice for 2-3 hours at 37° C using the assay-
conditions suggested by the enzyme suppliers (New England 
Biolabs). The reaction was stopped by placing the sample in 
a 65° water bath for 10-15 minutes. 
One-half volume of 'agarose suspension' (Schaffner et 
al., 1976) was added to the sample and the restricted DNA was 
electrophoresed on a 0.7% agarose gel made up in 90 mM Tris, 
2.5 mM NagEDTA, and 90 mM boric acid. Electrophoresis was 
carried out at 1.8 V/cm for 18 hours. DNA restriction 
fragment banding patterns were visualized over short wave 
ultraviolet light and photographed with an MP4 camera with 
Type 665 film. 
DNA transfer and filter hybridization 
Transfer of DNA from agarose gel to GeneScreen (New 
England Nuclear) was done according to the protocol of 
Maniatis et al., (1982). Molecular probes were ^^P-labeled 
using dCTP and the Standard Nick-Translation Labeling 
Protocol of Bethesda Research Laboratories, Inc. (Cat. No. 
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8l60 SB). Filter hybridizations were conducted according to 
the recommendations of the manufacturers of GeneScreen (New 
England Nuclear, Cat. No. NEF-972, method 3). 
Hybridizations were conducted at 42° C for 36 - 48 hours in 
50% formamide. 
Autoradiograms were produced by exposing the radio­
labeled filters to Kodak X-Omat R film with Dupont Gronex 
Lightning-Plus intensifying screens for 16 - 72 hours at -
70°. 
After exposure of the autoradiograms the labeled probes 
were stripped from the GeneScreen by washing in 60% 
formamide in 2 X SSG at 70° 0 for 2 hours. After stripping, 
the membrane was washed in 2 X SSG at room temperature for 1 
hour with two changes of SSG. After this treatment, the 
filter was ready for rehybridization. 
Results 
The results of all hybridization experiments are shown 
in Figure 1. 
Hybridization to a filter containing the transferred 
fragments of Kpn I digested ctDNA, using a ^^P-labeled probe 
for the LS gene yielded hybridization to a 27.5 kb and to a 
3.6 kb fragment. The same probe hybridized to a filter 
containing the fragments of Sac I digested ctDNA yielded 
hybridization with only a single band corresponding to a 
Figure 1. Results of hybridizations of ^^P-labeled PS II and LS 
coding sequences to soybean chloroplast DEA 
ctDNA was digested with restriction endonucleases, 
electrophoresed in 0.7% agarose gel, and transferred onto 
membrane. L = lambda DNA-Hindlll digests, ct = soybean 
ctDNA, p32 = hybridization results using the ^^P-labeled PS 
II coding sequence, and LSU = hybridization results using 
the ^^P-labeled LS coding sequence. Arrows indicate 
regions of hybridization. 
Sflic I 
L et P32 LSU 
KK 
23.2 kb fragment size. When the -^^P-labeled LS probe was 
hybridized to a filter containing the fragments of Xho I 
digested ctDNA we saw hybridization to a single band 
corresponding to a fragment size of 8.0 kb. 
Hybridization with a -^^P-labeled probe for the PS II 
gene showed homology to a 27.5 kb fragment from a Kpn I 
digest, a 23.2 kb fragment from a Sac I digest, a 4-.5 kb 
fragment from an Xho I digest, and to a 2.4 kb fragment from 
a Sma I digest. 
Correlation of the fragments to which our molecular 
probes hybridized, to the soybean ctDNA physical map allowed 
us to locate the coding sequences onto their respective 
locations on the soybean chloroplast genome. This 
information is shown in Figure 2. 
Discussion 
The close proximity of the PS II and LS genes to each 
other seems to be a characteristic of legume chloroplast 
genomes (Palmer and Thompson, 1982). Our data, and data 
presented by Spielmann et al. (1983) corroborate that 
soybean ctDNA is similar to that of other legumes in the 
organization of the PS II and LS genes. This 'unique' 
organization may provide an important marker for studies on 
the evolution of the Leguminosae. 
Accurate size determinations of the high molecular 
Figure 2. Physical location of the PS II and LS coding sequences on 
the soybean chloroplast genome 
The location of the Kpnl, Xhol, and Sad restricition sites 
are from mapping data of Palmer et al. (1983). The Smal 
cleavage sites are adapted from Spielmann et al. (1983). 
The location of the coding sequences are based on 
hybridization studies reported here. 
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weight fragments were not possible under the electrophoretic 
conditions of these experiments. This limitation caused 
some ambiguity as to the location of the genes of interest, 
relative to the orientation of the inverted repeats. This 
ambiguity was resolved by hybridization to the 3.6 kb 
fragment of the Kpn I digest and to the 4-«5 kb and 8.0 kb 
fragments from the Xho I digest. These specific 
combinations of hybridizations allowed us to locate the PS 
II and LS genes to their respective positions on the 
physical map of the soybean ctDNA, as provided by Palmer 
(personal communication). These locations were confirmed by 
later data presented by Spielmann et al. (1983). 
Soybeans are naturally susceptible to s-triazine 
herbicides and thus, s-triazine herbicides cannot be used 
for weed control in soybeans. In addition, when soybeans 
are grown in rotation with corn, a crop in which s-triazine 
herbicides are routinely used for weed control, herbicide 
carry-over often reduces soybean yield. 
Radosevich and DeViliers (1976) first noted that s-
triazine herbicides, such as atrazine, inhibit 
photosynthesis in some plants, but not in atrazine resistant 
plants. It has since been established that atrazine blocks 
photosynthesis by binding to a chloroplast membrane 
polypeptide. This polypeptide is encoded by ctDNA 
(Steinback et al., 1981). Recent studies have shown that 
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atrazine resistance may be the result of a single base 
change in the ctDNA PS II gene (Arntzen et al., 1982). This 
single base change results in an altered membrane protein 
that atrazine will not bind to. If the coding sequence of 
the PS II gene could be changed slightly so that it codes 
for a slightly altered protein that atrazine will not bind 
to, the result would be atrazine resistance. A necessary 
prerequisite for genetically engineering a gene is the 
localization and isolation of the coding sequence for that 
gene. 
Our research has provided some critical basic 
information on the organization of the soybean chloroplast 
genome, and on the location of the PS II and LS genes. This 
information will aid future researchers in the isolation of 
these genes, and may provide some additional information 
toward understanding the apparent uniqueness of the 
chloroplast genome of the legumes. 
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SECTION III; INHIBITION OF DEOXYRIBONUCLEASE ACTIVITY 
ASSOCIATED WITH SOYBEAN CHLOROPLASTS 
Abstract 
The effects of spermidine, pH, ethylene diamine 
tetraacetic acid (EDTA), and adenosine triphosphate (ATP) on 
deoxyribonuclease (DNase) activity associated with the 
chloroplasts of soybean (Glycine max (L.) Merr.) were 
investigated. Chloroplast DNase activity was found to be 
partially inhibited by either 10 mM spermidine, 20 mM EDTA, 
or 20 mM ATP. DNase activity was also partially inhibited 
at non-neutral pHs. Nearly complete inhibition was achieved 
with use of 30 mM EDTA, pH 10, or a combination of 10 mM 
spermidine and 10 mM EDTA. 
Introduction 
The accumulating breadth of information on the content 
and organization of the chloroplast genome has made this 
genome an increasingly attractive target for genetic 
transformation. For successful transformation to occur, 
undegraded transforming DNA must be taken up and 
incorporated. 
Previous attempts to inhibit DNase activity associated 
with cell and protoplast cultures have met with varied 
success. Citrate concentration of 4-5 mM eliminated DNase 
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activity in the medium surrounding protoplasts of Daucus 
carota L. var. sativa (Slavik and Widholm, 1978), and DNase 
activity associated with cell and protoplast cultures of 
Datura innoxia was inhibited at pH 9 (Schaefer et al., 
1981). DNase activity from tobacco cell cultures and from 
mung bean and barley was inhibited by as little as 0.05 mM 
ATP (Oleson, 1976). However, Slavik and Widholm (1978) did 
not observe an inhibition of DNase activity associated with 
protoplasts of Daucus carota L. var. sativa at pH 9, nor 
with as much as 200 mM ATP. 
It is very likely that most DNase activity in plant 
protoplast cultures is not associated with the chloroplasts. 
However, whether transformation is to be carried out by 
microinjection of protoplasts or by traditional methods it 
seems logical to specifically inhibit those DNases 
associated with the target of transformation, i.e., the 
chloroplast. In this way, the probability of DNA uptake and 
incorporation by the target organelle is greatly increased. 
Other molecular techniques require that the chloroplast 
DNA be isolated in relatively large undegraded fragments. 
Endogenous DNases often degrade the chloroplast DNA during 
isolation procedures and prevent the routine isolation of 
closed circular molecules. 
Though not routine, intact circular chloroplast DNA has 
been isolated from many species by using a variety of 
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methods to prevent DNases from attacking the chloroplast 
DNA. Among the alga up to 500 mM EDTA is required to obtain 
intact molecules (Hedberg et al., 1981). Successful 
isolations of intact circular chloroplast DNA from higher 
plants include such techniques as 'quick-freezing' tissue 
with liquid nitrogen (Rhodes and Kung, 1981) and gentle 
chopping of tissue with razor blades to minimize stress 
placed on organelles during the isolation (Tewari and 
Wildman, 1966). Low molarities of spermine and spermidine 
(1 mM) also have been successfully used in the isolation of 
chloroplast DNA from many species of higher plants (Palmer, 
1982). However, none of the routine isolation procedures or 
buffers have proven to be predictably successful in the 
isolation of large quantities of undegraded chloroplast DNA 
from soybeans. This problem is of major concern in our 
laboratory and was the primary factor for initiating this 
research. 
This communication reports the detection and inhibition 
of deoxyribonuclease activity associated with the 
chloroplasts from soybean (Glycine max (L.) Merr.) by using 
the method of detection reported by Schaefer et al. (1981). 
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Materials and Methods 
Isolation of Ti plasmids 
Plasmid DNA from Agrobacterium tumefaciens strain A227 
was isolated according to the procedure of Hirsch et al. 
(1980) with minor modifications. After precipitation of the 
plasmid DNA with polyethylene glycol, the pellet was 
resuspended in 50 mM Tris-HCl and 20 mM EDTA (pH 8.0) and 
was subjected to three phenol extractions followed by two 
extractions with ether. The DNA was precipitated with three 
volumes of cold ethanol and resuspended in 10 mM Tris-HCl 
adjusted to the pH necessary for each experiment. The DNA 
was stored at -20° 0 until used. 
Isolation of chloroplasts 
Primary trifoliolates were collected from soybean 
seedlings 21-28 days old. Leaves were rinsed in cold tap 
water and homogenized in 7 ml buffer per 1 g fresh tissue. 
Homogenization was done in a Waring blender with short 
pulses for a total of 10 - 15 seconds. The homogenization 
buffer consisted of 300 mM mannitol, 50 mM Tris-HCL, 3 mM 
disodium EDTA, 5 mM magnesium acetate, 5 mM diethyl 
dithiocarbamate, 1 mM 2-mercaptoethanol, and 0.1 % bovine 
serum albumin, pH 8.0. 
The homogenate was filtered through four layers of 
cheese cloth and two layers of Miracloth (Calbiochem) and 
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immediately centrlfuged in a Sorvall GSA rotor for 5 minutes 
at 500 rpm and 4° 0. The supernatant was recentrifuged in 
the same rotor for 5 minutes at 3000 rpm and <4° G. The 
pellet was gently resuspended in isolation buffer and 
centrifuged in an SS-34- rotor for 5 minutes at 600 rpm and 
4° C. The supernatant liquid was transferred to clean tubes 
and placed at 4.° C. Examination of this preparation by 
using phase microscopy showed only 15 - 20 mitochondria/100 
chloroplasts and showed less than 1 intact cell or cell 
fragment/100 chloroplasts. 
Detection and inhibition of nucleases 
For determination of the influence of pH and of 
differing concentrations of EDTA and ATP on endonuclease 
activity associated with chloroplasts, the chloroplast 
suspension was first separated into equal volumes and 
centrifuged twice for 5 minutes at 3000 rpm. After each 
centrifugation, the pellets were gently resuspended in 
isolation buffer containing the concentration of ATP or EDTA 
that would yield the required incubation concentration upon 
addition of the plasmid DNA solution. The plasmid DNA 
solution and the isolation buffers were adjusted to the 
incubation pH before being combined. 
To determine the effect of spermidine (Sigma), alone 
and in combination with EDTA, two separate isolation buffers 
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were used, containing either 1 mM or 10 mM spermidine. 
After the initial homogenizations, subsequent steps were 
carried out as described previously. 
Preliminary results showed that approximately 2 X lo'^ 
plastids per ml yielded enough nuclease activity to convert 
about 1 ug of plasmid DNA into linear form in 1 hour at room 
temperature. With use of serial dilutions of known 
concentration of DNase I (Sigma), this activity was shown to 
correspond to about 50 - 75 ng/ml of pure DNase I. 
Serial dilutions of each chloroplast suspension were 
made so that approximately 1.0 X lo'^ plastids (determined 
with a haemocytometer by averaging the count of 4- - 8 
aliquots) could be delivered in 30 ul of suspension. To 30 
ul of chloroplast suspension were added 20 ul of plasmid DNA 
solution (approximately 1 ug DNA). The resultant mixture 
produced a plastid concentration of about 2 X 10® 
plastids/ml. This mixture was stirred gently with a sterile 
toothpick and incubated at room temperature for 1 hour and 
then microfuged for 3 minutes. The supernatant liquid was 
carefully drawn off with a micropipette and transferred to 
clean microcentrifuge tubes. Tracking dye (50 % sucrose, 
100 mM EDTA, 0.05 % bromophenol blue, pH 8.0) was added and 
the DNA preparation was electrophoresed for 2 hours at 100 V 
on a vertical, 1.0 % agarose gel. Running buffer consisted 
of 90 mM Tris, 2.5 mM EDTA, and 90 mM boric acid. The gel 
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was stained in 1 ug/ral ethidiura bromide in running buffer 
and was photographed over a 300 nm ultra-violet light source 
by using a Polaroid MP^. camera, a Wratten 23 filter, and 
type 665 film. Negatives then were scanned with a 
densitometer to determine relative changes in band 
intensities. 
Results and Discussion 
Fig. 1 shows the effectiveness of the technique used in 
this study in determining the extent of nuclease activities 
on DNA. Purified plasmid DNA from Agrobacterium tumefaciens 
strain A277 migrates in agarose gel during electrophoresis 
as discrete bands. When acted upon by endonucleases the 
closed circle of the Ti plasmid (Fig. 1, band 2) and the 
cryptic plasmid (Fig. 1, band 1) are converted to linear 
degradation products that migrate at a more rapid rate (Fig. 
1, band 3). By observing the changes in band intensities, 
it is possible to estimate the relative amounts of 
conversion of closed circular plasmid DNA to linear form. 
In instances in which the changes in band intensities are 
minimal, the presence or absence of the cryptic plasmid can 
serve as a more sensitive determinant. 
The absence of the cryptic plasmid in lanes B through F 
(Fig. 1) suggests that DNase activity has not been completely 
eliminated by any of the EDTA concentrations. The presence 
Figure 1. Visualization of the conversion of closed 
circular plasmid DNA to linear form through the 
action of nucleases associated with soybean 
chloroplasts 
Lane A = plasmid DNA incubated for 1 h at room 
temperature without chloroplasts. Lanes B 
through F = plasmid DNA incubated for 1 h at 
room temperature with 2 X 10^ chloroplasts/ml 
and in the presence of 5 mM, 10 mM , 20 mM, 30 
mM, and 4-0 mM EDTA, respectively. Arrow 1 
indicates the cryptic plasmid band, arrow 2 
indicates the Ti plasmid, and arrow 3 indicates 
linear degradation products of plasmid DNA. 
6n 
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of linear degradation products in lanes B through F (Fig. 1) 
further supports this assumption. The smeared appearance of 
band 3 (Fig. 1) is the result of a wide range of sizes of 
linear degradation products, and makes it difficult to 
accurately determine the relative amounts of linear DNA in 
each lane. For this reason, all estimates of inhibition were 
derived from scanning band 2 only. 
From the information summarized in Table 1, it can be 
seen that 30 mM EDTA strongly inhibited DNase activity 
associated with soybean chloroplasts. High levels of ATP, 
20 mM and greater, also produced a marked decrease in DNase 
activity. DNase activity at pH 10.0 was strongly inhibited 
as well. 
The cooperative effect of spermidine and EDTA in 
inhibiting DNase activity was striking. A concentration of 
10 mM spermidine, without EDTA, exhibited a minor inhibitory 
effect, but with the addition of 10 mM EDTA, DNase activity 
was strongly inhibited. 
The inhibitory effect of spermidine corresponds well to 
reports that spermidine inhibits the release of 
ribonucleases, stabilizes membranes (Galston et al., 1978) 
and protects nucleic acids against nuclease degradation 
(Galston and Kaur-Sawhney, 1980). The inhibition of 
chloroplast-associated DNase activity with 30 mM EDTA 
corresponds well to the inhibition nucleases associated with 
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Table 1. Level of inhibition of nucleases associated with 
soybean chloroplasts by various concentrations of 
ethylene diamine tetraacetic acid (EDTA), 
adenosine triphosphate (ATP), and spermidine and 
at different pHs 
(+++) equals 75-100% inhibition, (++) equals 50-
74% inhibition, ( + ) equals 25-4-9% inhibition, and 
(-) equals 0-24% inhibition. 
Incubation Treatment Level Level of Inhibition 
40 mM 
30 mM 
+++ 
+++ 
++ EDTA 20 mM 
10 mM 
5 mM 
7.0 
8 . 0  
9.0 
10 .0  
++ 
+++ 
ATP 
100 mM 
20 mM 
5 mM 
+ 
+ 
0.1 mM 
1 mM 
1 mM, 5 mM EDTA 
1 mM, 10 mM EDTA 
+ 
+ 
+ 
++ 
Spermidine 10 mM 
10 mM, 5 mM EDTA 
10 mM, 10 mM EDTA +++ 
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protoplast cultures using 4-5 mM sodium citrate (Slavik and 
Widholra, 1978). The inhibition of DNases by the addition 
of ATP evident in our study agrees with previous data of 
Oleson (1976), and the inhibitory effect of pHs greater 
than 9«0 agrees with data of Schaefer et al. (1981). 
Parallel experiments using pure DNase I (Sigma) and the 
same chemical parameters used to inhibit DNases associated 
with chloroplasts confirmed that the main effect of pH, ATP, 
and EDTA is to inhibit nuclease activity. Spermidine also 
inhibited pure DNase I activity, but only at molarities 
approaching 100 mM. This suggests that spermidine acts 
mainly on the chloroplast membrane and therefore affects the 
release or activation of endogenous DNases. 
The results of this study suggest that DNases 
associated with chloroplasts of soybean can be inhibited by 
using a wide range of chemical parameters. Knowledge of the 
parameters necessary to inhibit the DNases, to inhibit the 
release of DNases, or to inhibit the activation of DNases 
associated with soybean chloroplasts is a necessary 
prerequisite for the isolation of large quantities of 
undegraded chloroplast DNA or for the incorporation of 
undegraded transforming DNA into the chloroplast genome. 
The information presented in this report is currently being 
used by our laboratory to aid in the routine isolation of 
undegraded chloroplast DNA from soybean. 
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SECTION IV: PREPARATION OF CHLOROPLAST DNA-ENRICHED 
DNA SAMPLES FROM SOYBEAN 
Introduction 
We have been studying organelle genomes of 
cytoplasmically inherited mutants of soybean (Glycine max 
(L.) Merr.) by comparing restriction fragment patterns 
between mutant plants and their normal sibs. We also have 
begun to construct a cytoplasmic catalog of existing soybean 
cultivars and Plant Introductions based upon restriction 
fragment pattern groupings of their cpDNA. Because of 
the logistics of such an endeavor, we needed to develop a 
consistent procedure for the rapid isolation of 
restrictable, undegraded cpDNA from small amounts of fresh 
tissue. We found that although the procedure of Murray and 
Thompson (1980) yielded good amounts of relatively 
undegraded DNA the background of nuclear DNA often 
completely obscured the soybean cpDNA restriction fragment 
pattern. 
Most procedures for the isolation of purified 
chloroplast DNA entail homogenization of several hundred 
grams of fresh tissue, followed by differential 
centrifugation and DNAse treatment. DNAse treatment must be 
followed by lengthy serial washes and incubation with 
proteases to remove residual nucleases. These techniques 
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have not proved consistently effective in the isolation of 
undegraded cpDNA from soybean, presumably due to cpDNA 
degradation during DNAse treatment, due to cpDNA degradation 
resulting from endogenous nuclease activity, or due to the 
leaching and loss of cpDNA during the washes. 
We have previously reported on the chemical parameters 
necessary to minimize endogenous nuclease activity 
associated with soybean chloroplasts (Shoemaker et al., 
1983) We report here a procedure for the rapid isolation of 
soybean cpDNA from small amounts of leaf tissue. This 
procedure does not utilize DNAse treatment or lengthy washes 
and yields good quantities of relatively undegraded, 
restrictable DNA that is enriched for chloroplast DNA. 
Materials and Methods 
1. Collect unifoliates and primary trifoliolates of 21- to 
27- day-old seedlings. Put the leaves immediately on 
ice. We normally collect 30 - 4-0 g of fresh tissue. This 
amount of tissue will yield sufficient DNA for 20 - 40 
restriction endonuclease digestions. 
2. Homogenize the tissue in a chilled Waring blender using 
several short pulses of 1 - 2 s. The homogenization 
buffer consists of an ice-cold solution of 0.35 M 
Mannitol, 0.05 M Tris, 0.01 M NagEDTA, 0.005 M 
Spermidine, 0.005 M Diethyldithiocarbamate, 0.1 % 
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BSA, pH 9.0. We have found that the combination of 
0.01 M Na2EDTA, 0.005 M Spermidine, and pH 9.0 
significantly inhibits endogenous nucleases associated 
with chloroplasts of soybean (Shoemaker et al., 
1983) and therefore may inhibit the autodegradation of 
the cpDNA. 
3. Filter the homogenized tissue through two layers of 
cheesecloth and one layer of Miracloth (Galbiochem). 
This and all subsequent steps should be done on ice 
or at 4° 0. 
Centrifuge in a Sorvall GSA rotor [625 rpm (65 x g) 10 -
12 min, 4° C.]. 
5. Discard the pellet and repeat centrifugation [750 rpm 
(90 X g) 12 min, C.]. 
6. Discard the pellet and repeat centrifugation [2250 rpm 
(800 X g) 12 rain, 4° 0.]. 
7. Discard the supernatant and gently resuspend the pellet 
in an ice-cold solution of 0.3 M Sucrose, 0.05 M 
Tris, 0.02 M NagEDTA, 0.1 % BSA, pH 8.0. 
8. Centrifuge in a Sorvall GSA rotor [2250 rpm (800 x g) 12 
min, 4-° C. ]. 
9. Pour off the supernatant and resuspend the pellet in 4-
ml of ice-cold high-TE (0.05 M Tris, 0.02 M NagEDTA, pH 
8.0) and place the tube in ice. 
69 
10. Add 300 ul of 20 % SDS solution. Mix gently to disperse 
the SDS. After 5-15 min the solution should 
become viscous. 
11. Bring the volume of the lysate to 7.6 ml with ice-cold 
high-TE buffer. 
12. Add 7.63 g CsCl and mix gently until the CsCl is 
dissolved. 
13. Add 4-00 ul of ethidium bromide solution (10 mg/ml in 
high-TE) and mix thoroughly. 
14. Ultracentrifuge the sample to form a gradient. We 
routinely centrifuge in an 0TD65B Sorvall using the 
vertical TV865 rotor. We obtain sharp gradients in 
4 h at 60,000 rpm or overnight at 50,000 rpm. 
15. Remove the fluorescing DNA band and extract the 
ethidium bromide with 3-4 washes of isopropanol 
saturated with 20X SSC. 
16. Dialyze overnight in 1 L of low-TE (O.Ol M Tris, O.OO5 M 
NagEDTA, pH 8.0). 
17. Ethanol-precipitate the DNA. 
18. Resuspend the DNA in 4-50 ul of high-TE and transfer the 
solution to two 1.5 ml Eppendorf tubes. 
19. Remove the contaminating protein with several 
extractions of chloroform/phenol (l/l). Use 200 ul 
of chloroform/phenol for each extraction and 
centrifuge briefly (13,000 x g) each time to 
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sharpen the interface between the organic and the 
aqueous layers. Do not attempt to remove the protein 
collecting at the surface. 
20. Add 3 volumes of ether and centrifuge (13,000 x g) for 3 
min. 
21. Using a flame-drawn-out silanized pipette, remove the 
underlying aqueous phase. Take care not to disturb the 
protein pellet. 
22. Transfer the aqueous phase to a clean tube and repeat 
the ether wash to remove all residual traces of 
phenol. After centrifugation, remove the upper 
ether phase and discard. 
23. Ethanol-precipitate the DNA. 
24. Resuspend the DNA in low-TE buffer and restrict the DNA 
with the enzyme of choice. 
Results and Discussion 
These procedures have been consistently successful in 
the isolation of relatively undegraded cpDNA from Gj_ max, G. 
g r a c i l i s ,  a n d  s o j a .  W e  r o u t i n e l y  c o n d u c t  3 - 4 -
simultaneous isolations and bring them to the 
ultracentrifugation step in less than 2 h. This allows us 
to examine and compare the cpDNA restriction fragment 
patterns from large numbers of Plant Introductions, 
cultivars, or cytoplasmically inherited mutants. Minimal 
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contamination with nuclear DNA usually makes it possible to 
directly compare cpDNA banding patterns (Figure 1). 
However, if the amount of nuclear DNA is still too great to 
allow a clear visual resolution of the cpDNA bands, the 
hybridization protocol described by Clark and Hanson (1983) 
works quite well to enhance the cpDNA restriction fragment 
patterns. We have found that, because of the high degree of 
sequence homologies among different cpDNAs (Fluhr and 
Edelraan, 1981; Palmer and Thompson, 1982), nick-translated, 
purified cpDNA from either spinach or petunia yields very 
good results when hybridized to soybean cpDNA (Figure 2). 
When using a heterologous probe, an increase in 
indiscriminant background binding is usually associated with 
an increase in contaminating nuclear DNA in the DNA 
preparation bound to the hybridization membrane. Therefore, 
our cpDNA enrichment procedure makes possible the analysis 
and comparisons of large numbers of cpDNAs of various 
origins, regardless of the difficulty in isolating purified, 
undegraded cpDNA from each source. More precisely, direct 
visualization of the cpDNA banding patterns, coupled with 
the requirement for small amounts of fresh tissue, allows 
for the analysis and comparisons of large numbers of mutants 
and Plant Introductions, many from which seed is difficult 
to obtain. 
Figure 1. Restriction fragment patterns of cpDNA isolated 
from cytoplasmically-inherited variants of G. 
max 
Lanes A, B, and C are, respectively, 'Clark' 
(yellow cotyledon), 'Clark' (green cotyledon), 
and 'Guelph' (green cotytledon). Lane D shows 
a BamHI digest of 'Clark' (yellow cotyledon) 
cpDNA obtained from an unusually successful 
isolation using a standard protocol (Kolodner 
and Tewari, 1975). Although the digests were 
run on separate gels and the migration 
distances vary, it is clear that our rapid 
isolation procedure yields nearly the same 
fragment pattern resolution as the standard 
procedure. The molecular weights were 
estimated based upon Hindlll digests of lambda 
DNA. 
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Figure 2. Visualization of cpDNA restriction fragment 
patterns using a heterologous probe 
Lanes A, B, C, and D are EcoRI digests of DNA 
isolated from PI 65388 (G^ gracilis), PI 290136 
(G. max), 'Sooty' (G. max), and ' Minsoy' (G. 
max), respectively. A Southern blot of this 
gel was hybridized to ^Sp.i^tje^ed cpDNA of 
Petunia parodii, and the results are shown in 
lanes a - d. Lanes a and b were allowed to 
overexpose to allow the visualization of the 
banding patterns in lanes c and d. Though not 
shown, we have obtained similar results using 
purified cpDNA from spinach. 
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SECTION V; RESTRICTION ENDONUCLEASE ANALYSIS OF 
CYTOPLASMICALLY INHERITED VARIANTS IN SOYBEAN 
Introduction 
Very little is known about the physical and molecular 
organization of the genomes of plant organelles. Unlike 
the genes of a nuclear genome that can be recombined by 
selective matings and mapped by recombinational events, the 
genes on an organelle genome are usually inherited as a 
unit, solely through a single parent (Sager, 1972). 
Therefore, when a uniparentally inherited mutation is 
observed it is usually not possible to determine the 
location of the gene relative to other genes on the 
organelle genome, nor is it usually possible to determine 
genetically the organelle genome in which the mutation 
exists. 
Three approaches to identifying genes coding for 
proteins have been used. These approaches include: cloning 
of genomic fragments followed by vitro transcription and 
translation, hybridization of DNA fragments to organelle RNA 
followed by dm vitro transcription and translation and a 
comparison of 'before-and-after' hybridization translation 
products, and identification of protein-coding genes based 
upon sequence conservation and hybridization with genetic 
probes from heterologous species (Whitfeld and Bottomley, 
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1983). The disadvantage of the latter approach is that all 
results are dependent upon already existing data. The 
disadvantage of the two former approaches is that even 
though reading frames can be detected and mapped the 
phenotype associated with the gene is often unknown. 
We have employed another approach in an attempt to 
identify coding sequences from organelle genomes. We have 
used restriction endonucleases to analyze the organelle 
genomes of cytoplasmically inherited mutants of soybean and 
where possible, to compare them to the organelle genomes of 
their normal sibs. Provided that normal and mutant plants 
are sibs, we can assume that any difference between 'normal' 
and 'mutant' DNA is probably directly related to the 
molecular lesion causing the mutant phenotype. Thus, if we 
can screen normal and mutant organelle DNAs and somehow 
identify the molecular lesion associated with the mutant, we 
will have a molecular 'tag' by which we can identify the 
coding sequence responsible for the mutant phenotype. 
Restriction endonucleases recognize and cleave at a 4 
to 8 base-pair sequence (Smith, 1979). DNA fragments of 
various lengths are produced depending upon the location of 
the cleavage sites. These fragments can be separated by size 
based upon electrophoretic mobilities through agarose gel 
(Maniatis et al., 1982). Using this approach we can screen 
mutant organelle genomes for molecular lesions. This 
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approach should be successful in identifying point mutations 
within the endonuclease recognition sequence, or asymmetric 
inversions encompassing a recognition sequence, deletions 
and additions that are large enough to be detected under our 
gel electrophoresis conditions. Provided that mutant and 
normal plants are sibs we can assume that variations in 
restriction fragment patterns are indicative of the 
molecular lesion causing the mutant phenotype. 
Several cytoplasmically inherited mutants have been 
reported in soybean. These are green cotyledon mutant, cyt-
Gj_ (Terao, 1918), yellow foliar mutant, cyt-Yg (Palmer and 
Mascia, 1980), and yellow foliar mutant, cyt-Yq (Shoemaker, 
et al., 1984b). We have assumed, since mitochondria are 
inherited through maternal parents only, in soybean (Sisson 
et al., 1978), and since chloroplasts are inherited solely 
through maternal parentage, in most species (Gillham, 1978), 
the genetic lesion responsible for each mutant phenotype is 
located on the mitochondrial or chloroplast genome. 
The mutant cyt-Yo arose as a chimera. Subsequent 
selfings produced progeny that were yellow (cyt-Yo), green 
(cyt-Gp), and chimeras. Therefore, cyt-Yo and cyt-Go are 
sibs and any sequence heterogeneity between the two should 
be indicative of the molecular event causing the mutant 
phenotype. No sibling lines of green cotyledon cyt-G^ and 
yellow cotyledon cyt-Y] soybeans are known to exist. 
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However, some naturally occurring sources of the green 
cotyledon trait are available for backcrossing. Therefore, 
we were limited to analyzing near-isogenic lines of Clark 
cyt-G^ and Clark cyt-Y^, and Harosoy cyt-G^ and Harosoy cyt-
both Harosoy and Clark cyt-G^, the green cotyledon 
trait was donated by Medium Green cytoplasm (R. L. Bernard, 
University of Illinois, Urbana, Illinois, personal commun­
ication). Foliar mutant cyt-Y^ is a near-lethal mutant. 
Because of the difficulty in obtaining seed from this mutant 
no cyt-Y^ ; cyt-G^ comparisons were made. 
Our objectives in the analysis of organelle genomes of 
cyt-Go and the sibling mutant cyt-Yo were to identify a 
molecular lesion that could provide a 'tag' for locating the 
coding sequence responsible for the mutant phenotype, and to 
gather information concerning the nature of the molecular 
lesion causing the mutant phenotype. Our objectives in 
analyzing green and yellow cotyledon lines were to determine 
if the cytoplasms of Harosoy cyt-G^ and Clark cyt-G^ were 
the same, and if cyt-Yj cytoplasms could be distinguished 
from cyt-G^ cytoplasms. 
Materials and Methods 
Genetic stocks 
Seed for the organelle DNA comparisons of cyt-Yp and 
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the normal sib, cyt-Gp, and of cyt-Y^ and cyt-G^ was 
obtained from cold-storage facilities at Ames, Iowa. Seed 
was increased in field plots at Ames, Iowa, and at Isabela, 
Puerto Rico. 
Isolation of mitochondrial DNA 
Approximately 500 seed were layered onto a bed of 
vermiculite and covered with 2-3 inches of vermiculite. The 
vermiculite was soaked with tap water and covered with a 
sheet of styrofoam. The vermiculite was kept moist for 3-5 
days, after which the etiolated hypocotyls were removed and 
placed on ice. Isolation of mtDNA was carried out according 
to the procedure of Sisson et al. (1978) with the exception 
that dialysis was against low-TE buffer (O.Ol M Tris, 0.005 
M NagEDTA, pH 8.0) and deproteinization was accomplished 
with phenol extractions followed by ether washes. 
Isolation of chloroplast DNA 
Chloroplast DNA was isolated exactly as reported 
elsewhere (Shoemaker et al., 1984a). 
Restriction endonuclease analysis of DNA 
All restriction endonucleases were obtained from New 
England Biolabs, Inc. Digestions were carried out in the 
reaction buffers suggested by the manufacturers, and were 
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carried out with sufficient enzyme to achieve complete 
digestion. Reactions were terminated by heating to 65° C 
for 10 - 15 min. 
Electrophoresis of mtDNA was conducted in 0.7% agarose 
gels made up in TBE (0.09 M Tris, 0.09 M boric acid, 0.0025 
M NagEDTA). Electrophoresis was carried out at room 
temperature for 17 hours at 4.0 volts. Electrophoresis of 
ctDNA was conducted in 0.8% agarose made up in TAE (0.04- M 
Tris-acetate, 0.002 M NagEDTA). DNA was electrophoresed for 
18 hours at room temperature and at 50 volts. 
Gels were stained in distilled water containing 0.5 
ug/ml ethidium bromide. The stained gels were photographed 
over short wave ultra violet light using an MP4 camera with 
UV filter and Type 665 film. 
Results 
Cotyledon mutant comparisons 
mtDNA from Harosoy cyt-Y^ and Harosoy cyt-G^ was 
digested with restriction endonucleases Xho I, Hind III, Sal 
I, Sma I and Kpn I. Comparisons of mtDNA restriction 
fragment patterns of yellow cotyledon and green cotyledon 
near-isolines of Harosoy, using the enzymes Xho I, Hind III 
and Sal I did not reveal any fragment polymorphisms (Fig. 
1). However, digestion of Harosoy cyt-Y^ and Harosoy cyt-G^ 
mtDNA using the restriction endonucleases Sma I and Kpn I 
Figure 1. Restriction fragment patterns of soybean mtDNA 
from a yellow cotyledon line ('Harosoy' cyt-
ï-] ) and a green cotyledon line ('Harosoy' cyt-
G-| ) 
mtDNAs were digested with restriction 
endonucleases and electrophoresed in 0.7% 
agarose, L = lambda DNA-Hindlll molecular 
weight markers, Y = Harosoy cyt-Yi, and G 
= Harosoy cyt-G-]. No restriction fragment 
polymorphisms are seen. 
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did allow us to distinguish the mtDNAs from yellow cotyledon 
and green cotyledon lines (Fig. 2). Harosoy cyt-Y^ 
restriction fragment pattern contained a faint extra Kpn I 
fragment corresponding to about 8.6 kbp and lacked a frag­
ment, relative to Harosoy cyt-G^, corresponding to about 5.1 
kbp (Fig. 2, see arrows). Using the enzyme Sma I, we 
distinguished the presence of an extra band in Harosoy cyt-
Y-]_ which corresponded to about 2.9 kbp (Fig. 2, see arrow). 
We then compared mtDNA from Clark cyt-Y^ and Clark cyt-
G-]_ using the enzymes Sma I and Kpn I (Fig. 3). The Clark 
cyt-Y^ Sma I restriction fragment pattern resembled the 
Harosoy cyt-Yj Sma I pattern and contained an extra fragment 
corresponding to about 2.9 kbp (Fig. 3, see arrow). The 
enzyme Kpn I also distinguished mtDNA from the Clark yellow 
cotyledon line and the Clark green cotyledon line. Clark 
cyt-Y]_ mtDNA Kpn I restriction fragment pattern contained an 
extra band corresponding to about 3.4 kbp (Fig. 3, see 
arrow). 
We next wanted to determine if the mtDNAs of the green 
cotyledon lines were similar to one another. We digested 
mtDNA from Clark cyt-G^, Harosoy cyt-Gj, and Medium Green (a 
green cotyledon cultivar that is the putative cytoplasmic 
donor to the Harosoy and Clark green cotyledon lines (R. L. 
Bernard, personal communication) with the enzyme Kpn I. The 
restriction fragment pattern for all three green cotyledon 
Figure 2. Restriction fragment patterns of soybean mtDNA 
from a yellow cotyledon line (Harosoy cyt-Yl) 
and a green cotyledon line (Harosoy cyt-G-| ) 
mtDNAs were digested with restriction 
endonucleases and electrophoresed in 0.7% 
agarose. Molecular weights are based on lambda 
DNA-Hindlll digests. Y = Harosoy cyt-Y-] ^ and G 
= Harosoy cyt-Gi» Arrows indicate restriction 
fragment size polymorphisms. 
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Figure 3- Restriction fragment patterns of mtDNA from 
Clark c.yt-Y-| and Clark cyt-Gi 
mtDNAs were digested with restriction 
endonucleases and electrophoresed in 0.7% 
agarose. Molecular weight markers are based 
upon lambda DNA-Hlndlll digests. Y = Clark 
cyt-Yi, G = Clark cyt-Gi» Arrows indicate 
restriction fragment size polymorphisms. 
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Figure 4-. Restriction fragment patterns of mtDNA from 
green cotyledon soybean lines digested with the 
restriction endonuclease, Kpnl 
mtDNAs were digested and electrophoresed in 
0.7% agarose. Molecular weight standards are 
Hindi!I-digested lambda DNA. HG = Harosoy cyt-
G-| , MG = Medium Green cyt-G1 > 8.nd CG = Clark 
cyt-G-|. All restriction fragment patterns seem 
to be identical. 
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mtDNAs was identical (Fig. 4-). 
We also compared the ctDNAs of cyt-Y-[ Clark, cyt-G-] 
Clark, and Medium Green, For these comparisons we used the 
restriction endonucleases BamH I, Hind III, Eco R I, Xho I, 
Pst I, Ava I, and Cla I (Fig. 5). Only the enzyme Cla I 
yielded a restriction fragment pattern that allowed us to 
distinguish green cotyledon cytoplasm from yellow cotyledon 
cytoplasm (see arrows). Clark cyt-G^ cytoplasm gave the 
same restriction fragment pattern as Medium Green, the put­
ative cytoplasm donor to the Clark cyt-G^ isoline (R. L. 
Bernard, University of Illinois, Urbana, Illinois, personal 
communication). 
Foliar mutant comparisons 
We compared the mtDNAs from cyt-Go and cyt-Yo using the 
restriction endonucleases Sma I, Hind III, BamH I, Xho I and 
Eco R I. No restriction fragment polymorphisms were 
observed (Fig. 6). Chloroplast DNAs also were compared 
between mutant and normal cytoplasms. We compared cyt-Gp 
and cyt-Yp ctDNAs using the restriction enzymes BamH I, Xho 
I, Eco R I, Ava I, Cla I, and Hind III (Fig. 7). In all 
instances, we found the two cytoplasms to yield identical 
restriction fragment patterns. 
Figure 5- Restriction fragment patterns of soybean ctDNA from Clark 
cyt-Y-[, Clark cyt-G-], and Medium Green cyt-G-| 
ctDNAs were digested with restriction endonucleases and 
electrophoresed in 0.8% agarose. Only the enzyme Clal (far 
right) showed restriction fragment polymorphism. M = 
Medium Green cyt-G^, G = Clark cyt-G-], and Y = Clark cyt-
A v a l  E c o R  I  B a m H  I  H i n d  I I I  P s t  I  X h o  I  C l a  I  
Figure 6. Restriction fragment patterns of soybean mtDNA 
from cyt-Y? and cyt-Gp 
mtDNAs were digested with restriction 
endonucleases and electrophoresed in 0.7% 
agarose. Y2 = cyt-Y? and Gg = cyt-Gp. No 
restriction fragment polymorphisms are seen. 
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Figure 7. Restriction fragment patterns of soybean ctDNA 
from cyt-Y? and cyt-Gg 
ctDNAs were digested with restriction 
endonucleases and electrophoresed in 0.8% 
agarose. Y2 = cyt-Y? and G2 = cyt-G?. No 
restriction fragment polymorphisms are seen. 
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Discussion 
Although we have identified restriction endonucleases 
that will distinguish between mtDNAs of Clark cyt-G^ and 
Clark cyt-Y-| , and between Harosoy cyt-G^ and Harosoy cyt-Y-] 
other yellow cotyledon line and green cotyledon line 
comparisons may not be distinguishable. However, our 
results have laid the ground work for future projects that 
may involve an in-depth analysis of green cotyledon lines in 
an attempt to determine if the green cotyledon trait is 
correlated to a specific series of restriction fragment 
patterns, i.e. to determine if the cytoplasms of all green 
cotyledon lines are the same. 
The lack of size polymorphism between the Kpn I 
restriction fragment patterns of Clark cyt-G^ mtDNA and 
Medium Green mtDNA, and of Harosoy cyt-G^ mtDNA and Medium 
Green mtDNA suggests that the cytoplasms of Clark cyt-G^ , 
Harosoy cyt-G^ and Medium Green are the same. But this is 
not conclusive proof. Further analyses using other enzymes 
may resolve differences that were not observed in our study. 
It must be kept in mind that restriction fragment 
pattern polymorphism between mtDNAs of yellow cotyledon 
lines and green cotyledon lines is probably not correlated 
directly to a molecular lesion causing one or the other 
phenotypes. Since no yellow cotyledon and green cotyledon 
sibling lines are known to exist, these restriction fragment 
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size polymorphisms probably reflect evolutionary divergence 
rather than a single mutational event. It is also doubtful 
that the otDNA restriction fragment size polymorphism of 
Medium Green and Clark cyt-G^, relative to Clark cyt-Yi, 
reflects a molecular reorganization responsible for the 
green cotyledon trait. The Gla I restriction fragment 
pattern of the two green cotyledon lines is not unique to 
green cotyledon lines and is found in several yellow 
cotyledon lines as well (unpublished data). 
The absence of restriction fragment size polymorphism 
between DNAs of cyt-Gg and cyt-Y?, in either the mtDNA or 
ctDNA comparisons, precludes assigning the mutation to 
either of the organelle genomes. Therefore, we have not 
identified a molecular 'tag' for locating the coding 
sequence responsible for the mutant phenotype. We have, 
however, by the absence of restriction fragment size 
polymorphisms, gained much information about the nature of 
the molecular lesion causing the mutant phenotype. We can 
conclude from these results that irrespective of the 
organelle genome containing the mutation, the mutation is 
not the result of a large deletion or addition. It is not 
the result of a large translocation or an inversion 
asymmetrically involving a restriction site. Nor is it the 
result of a single base change in any of the recognition 
sequences for the restriction endonucleases used in this 
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study. By elimination, we can conclude that the mutation 
causing the cyt-Yo phenotype is probably the result of a 
simple point-mutation or a small addition, deletion, invers­
ion, or translocation that would not be identified under our 
electrophoretic stringencies. 
We have met the first objective of this research. We 
have determined that mtDNA and ctDNA of the green cotyledon 
cytoplasms used in the study is distinguishable from mtDNA 
and ctDNA of the yellow cotyledon cytoplasms used in this 
study. The applicability of these differences to other 
green and yellow cotyledon lines is not clear. Our second 
objective, to identify a molecular 'tag' by which to 
localize a coding sequence, was not successful. We did, 
however, obtain much information concerning the nature of 
the molecular lesion causing the cyt-Yp phenotype. 
Information of this type must be considered 'basic' 
information and is useful only when used as a starting point 
for further research. 
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SECTION VI; CHLOROPLAST DNA RESTRICTION FRAGMENT POLYMORPHISM 
AMONG SOYBEANS AND RELATED SPECIES 
Introduction 
Crop improvement programs have historically 
concentrated agronomically favorable traits into a few 
commercially productive lines. Favorable traits from one 
nuclear genetic component are added to another nuclear 
genetic component until an economically competitive 
combination of traits is achieved. This type of traditional 
engineering of nuclear genomes has all too often disregarded 
the role of cytoplasm in plant genetics. This oversight has 
created a problem of cytoplasmic uniformity among many 
cultivated species (Committee on Genetic Vulnerability of 
Major Crops, 1972). 
Plant extrachromosomal genetic complements should not 
be ignored during the development of economically important 
crop species. Cytoplasm has been shown to affect several 
plant traits that should be of concern to breeders. These 
include chlorophyll deficiencies (Palmer and Mascia, 1980, 
Shoemaker et al., 1984b), male sterility (Ahokas, 1980; Pring 
et al., 1982; Flavell, 1974; Pearson, 1981; Levings, 1983), 
delayed maturity, nuclear-cytoplasmic heterosis (Kihara, 
1982), and other agronomic traits (Harvey et al., 1972; 
Robertson and Frey, 1984). 
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The epiphytotic of Southern Corn Leaf Blight that 
ravaged the hybrid corn industry in the early 1970s 
accentuated the hazards of cytoplasmic uniformity. Disease 
susceptibility resided in the cytoplasm and because of 
practices in the breeding of hybrid corn, over 80% of the 
corn crop in the U.S. carried the susceptible cytoplasm 
(Harvey et al., 1972). It is important therefore, to 
prevent a continued trend toward cytoplasmic uniformity, to 
identify and utilize diverse cytoplasms in order to minimize 
the potential cytoplasmic vulnerability to disease and pests 
and to take advantage of the potential benefits of diverse 
cytoplasms. 
One method of detecting variation among cytoplasmic 
organelle genomes is through the use of type II restriction 
endonucleases. Restriction endonucleases recognize and 
cleave at a specific 4-8 base-pair sequence (Smith, 1979). 
Thus, restriction endonucleases can be used to detect base 
changes within a recognition sequence, as well as the 
creation of new cleavage sites, and any molecular 
rearrangement altering the distance between cleavage sites. 
Plant mtDNAs have been compared using restriction 
endonuclease fragment size polymorphism. mtDNA variation 
has been seen among species of Brassica (Lebacq and Vedel, 
1981), between races of teosinte and maize (Timothy et al., 
1979; Sederoff et al., 1981), within the 'C' group of maize 
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male-sterile cytoplasms (Pring et al., 1980), between normal 
and male-sterile cytoplasms of maize (Levings and Pring, 
1976), between normal and male-sterile cytoplasms of sorghum 
(Pring et al., 1982), among normal cytoplasms of maize 
(Levings and Pring, 1977), and between hexaploid, 
tetraploid, and diploid wheat species (Vedel et al., 1978). 
Comparisons of restriction endonuclease fragment 
patterns of ctDNAs also have detected sequence variations. 
Timothy et al. (1979) detected three groups of ctDNAs among 
the teosinte, Gordon et al. (1982) detected differences 
among five wild-type chloroplast genomes of Oenothera, 
Lebacq and Vedel (1981) were able to detect three different 
types of ctDNAs among the Brassica, and Palmer and Zamir 
(1982) detected multiple ctDNA types within the genus 
Lycopersicon. Using a slightly modified approach to 
restriction endonuclease fragment polymorphism analysis, 
Clegg et al. (1984.) detected ctDNA variation among pearl 
millet and related species. Though they surveyed only 
selected regions of the chloroplast genome, they were able 
to observe interspecific and intergeneric differences, but 
no intraspecific differences. Frankel et al. (1979) also 
observed ctDNA variation among six isonuclear lines of male-
sterile Nicotiana. Each of the cytoplasms in the latter 
study were reported to have been derived from different 
maternal species. Therefore, the restriction fragment 
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pattern variations represent the detection of diverse 
interspecific cytoplasms. 
A large degree of cytoplasmic uniformity probably exists 
within soybean germplasm due to the limited number of 
ancestral cultivars and Plant Introductions from which 
currently grown cultivars have arisen (Johnson and Bernard, 
1963; Committee on Genetic Vulnerability of Major Crops, 
1972; Delannay et al., 1983). Sisson and co-workers (1978) 
have explored the premise of cytoplasmic uniformity in 
soybean germplasm by examining mtDNA from 10 sources of 
soybean germplasm, including the predominant maternal 
ancestors of the cultivated soybean. They compared 
restriction fragment patterns of mtDNA's digested with 
endonucleases BamH I and Sal I and concluded that 
cytoplasmic uniformity does exist within the currently grown 
soybean cultivars. On the basis of restriction fragment 
polymorphisms, they suggested that diversity of cytoplasms 
may be correlated to the geographic origin of the cultivar 
or Plant Introduction. 
Our objective in this research was to identify 
potential sources of cytoplasmic diversity within the 
soybean germplasm collection. To accomplish this goal, we 
have examined ctDNA restriction fragment patterns from 
thirty-one sources, including the predominant maternal 
ancestors of commonly grown cultivars of Gj_ max, and 
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examples of the putative ancestors of soybean, G_i. soja and 
G. gracilis. 
Materials and Methods 
Genetic stocks 
This study included the analysis of ctDNA from twenty-
three cultivars or Plant Introductions of Glycine max (L.) 
Merr., including the maternal ancestors occurring most 
frequently in the parentage of commercially grown soybean 
cultivars (Table 1), five Plant Introductions of G^ 
gracilis, and three Plant Introductions of G_i. soja (Table 
2 ) .  
Seed from northern cultivars and from G_i. gracilis was 
increased in field plots at Ames, Iowa, and Isabela, Puerto 
Rico. Seed from Gj_ soja was increased in greenhouse 
plantings at Ames, Iowa. Seed from Southern cultivars was 
provided by Dr. T. C. Kilen, Soybean Production Research, 
USDA-ARS, Stoneville, MS. 
Chloroplast DNA isolation 
G. max and G_^ gracilis seedlings were grown in sandbench 
for 21 to 27 days. G_i. soja seedlings were grown for 27 to 35 
days. Primary trifoliolates and unifoliates were harvested 
and placed immediately on ice. CtDNA was isolated exactly 
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Table 1. Origin of cultivars and Plant Introductions of 
Glycine max assessed for chloroplast DNA 
restriction fragment polymorphism 
Cultivar or Plant Introduction Maternal Origin 
A.K. (unknown) 
Arksoy Korea 
Clark N.E. China 
CNS China 
Dorman N.E. China 
Dunfield N.E. China 
Hark N.E. China 
mini (unknown) 
Kingston Japan 
Manchu N.E. China 
Mandarin N.E. China 
Medium Green Japan 
Minsoy France 
Mukden N.E. China 
Peking China 
Polysoy (unknown) 
Richland N.E. China 
Roanoke (unknown) 
Sooty China 
Tokyo J apan 
P.I. 290114. Hungary 
P.I. 290136 Hungary 
P.I. 424078 Korea 
1 1 0  
Table 2. Origin of Plant Introductions of Glycine gracilis 
and Glycine so.ja assessed for chloroplast DNA 
restriction fragment polymorphism 
Plant Introduction Origin 
P.I. 6554.9 (so,]*a) China 
P.I. 81762 (soja) USSR 
P.I. 424OO4A (soja) Korea 
P.I. 65388 (gracilis) Manchuria 
P.I. 79593 (gracilis) Manchuria 
P.I. 153292 (gracilis) Belgium 
P.I. 32658O (gracilis) India 
P.I. 82278 (gracilis) Korea 
1 1 1  
as reported elsewhere (Shoemaker et al., 1984a). 
Restriction fragment pattern analysis 
ctDNA was digested in the reaction buffer recommended 
by the restriction endonucleases manufacturer (New England 
Biolabs). Electrophoresis was carried out in 0.8% agarose 
made up in TAE running-buffer (0.04 M Tris-acetate, 0.002 M 
NagEDTA). Electrophoresis was for 18 hours at 4-0 volts (25 
- 35 mAmperes). After electrophoresis, the gels were stained 
in distilled water containing 0.5 ug/ml ethidium bromide. 
Stained gels were photographed over short-wave UV light 
using an MP4 camera with UV filter and Type 665 film. 
Photographs and negatives were analyzed to determine if 
restriction fragment polymorphisms existed between and among 
cultivars and Plant Introductions. 
Results 
No restriction fragment polymorphism was observed 
intra- or interspecifically using the restriction 
endonucleases Ava I, BamH I, and Xho I. By using these 
enzymes, we were able to routinely distinguish 26, 29, and 
14 bands, respectively (Fig. 1). We classified doublets in 
the Xho I fragment pattern based on mapping data of Palmer 
et al. (1983). Since each of these 3 enzymes recognize a 6 
base-pair sequence (Maniatis et al., 1982) the use of these 
Figure 1. Representative restriction fragment patterns of 
soybean ctDNA digested with the endonucleases 
Aval, BamHI, and Xhol 
ctDNAs were digested with restriction 
endonucleases and electrophoresed in 0.8% 
agarose. ctDNA for the patterns pictured here 
was isolated from the max cultivar, 
Dunfield. 
1 1 3  
X BamHI Aval Xho I 
m 
3 enzymes represents a sampling of 4-14- nucleotide pairs. 
We were able to distinguish ctDNA variation by using 
the enzymes Eco R I and Cla I. The restriction endonuclease 
Eco R I distinguished most G_i. cultivars and Plant 
Introductions from accessions of gracilis and Gj^ soja 
(Table 3). Representative fragment patterns are shown in 
Figure 2. Relative to Gj_ soja, G. gracilis, and the G^ max 
cultivar, 'Peking', all other G_^ max fragment patterns were 
characterized by an extra band corresponding to a fragment 
size of about 5.1 kbp (Fig. 2, see arrow). 
The endonuclease Cla I allowed us to distinguish 4-
types of ctDNA. These cytoplasmic groupings extend across 
species boundaries (Table 4-)» Representative fragment 
patterns for these 4 types are shown in Figure 3» Relative 
to the Type A Cla I restriction fragment pattern, the Type B 
Cla I pattern is characterized by an additional band 
corresponding to about 2.3 kbp and a missing band of about 
3.4-5 kbp (Fig. 3, see arrow). Relative to Type A , the Type 
C Cla I pattern has a slower migrating band corresponding to 
about 3«55 kbp (Fig. 3, see arrow) and the Type D Cla I 
pattern has a rapidly migrating band corresponding to about 
4-. 8 kbp and an additional band of about 2.9 kbp (Fig. 3, see 
arrow). 
We were able to routinely distinguish a minimum of 16 
fragments by using the enzyme Eco R I and a minimum of 20 
1 1 5  
Table 3. Plastome groupings of soybean germplasm based on 
Eco R I restriction fragment patterns 
Pattern A 
all G_i. cultivars, 
except 'Peking' 
Pattern B 
all G_^ so.ia P.I.s 
all G_^ gracilis P. I. s 
'Peking' (G. max) 
Figure 2. Representative EcoRI restriction fragment 
pattern types of soybean ctDNA 
ctDNAs were digested with restriction 
endonucleases and electrophoresed in 0.8% 
agarose. Type A is represented by the max 
cultivar, Clark cyt-Yi and Type B is 
represented by the ^  soja accession, PI 6554-9. 
The arrow indicates fragment polymorphism. 
1 1 7  
K b p A A 
23.7 
9.46 
6.75 
4.26 
2 . 2 6  
1 .98 
1 1 8  
Table 4-* Plastome groupings of soybean germplasin based on 
Cla I restriction fragment patterns 
Restriction Patterns 
A B C D 
Arksoy A.K. P.I. 79593 (g)* P.I. 82278 (g) 
GNS Clark 
Kingston Dorman 
Medium Green Dunfield 
Peking Hark 
Sooty mini 
P.I. 290136 (m)b Manchu 
P.I. 424078 (m) Mandarin 
P . I .  6 5 5 4 9  ( 8 ) 0  Minsoy 
P.I. 81762 (s) Mukden 
P.I. 424OO4A (s) Polysoy 
P . I .  6 5 3 8 8  ( g )  Richland 
P.I. 153292 (g) Roanoke 
P . I .  3 2 6 5 8 0  ( g )  Tokyo 
P.I. 290114 (m) 
^Glycine gracilis. 
^Glycine max. 
^Glycine soja. 
Figure 3. Representative Clal restriction fragment 
pattern types of soybean ctDNA 
ctDWAs were digested with restriction 
endonucleases and electrophoresed in 0.8% 
agarose. Type A is represented by the max 
cultivar, Medium Green, Type B is represented 
by the G^ max cultivar, Dorman, Type 0 is 
represented by the G^ gracilis accession, PI 
79593, and Type D is represented by G^ gracilis 
accession, PI 82278. 
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fragments by using the enzyme Cla I. Each of these enzymes 
also recognizes a 6 base pair sequence (Maniatis et al., 
1982). Therefore, these two enzymes allowed us to sample 
about 216 base pairs of the soybean chloroplast genomeo 
Discussion 
Evidence of cytoplasmic uniformity among currently 
grown soybean cultivars was clearly shown by Sisson et al. 
(1978). Our results from the analysis of the relatively 
stable chloroplast genome show this even more clearly. We 
found no variation among the ctDNAs of the maternal 
ancestors of currently grown soybean cultivars. We have, 
however, identified several potential sources of diverse 
cytoplasms. 
Identification of cytoplasmic diversity is a necessary 
prerequisite for creating multi-cytoplasmic lines of 
soybeans. Identification of diverse cytoplasms also makes 
it possible to search for cytoplasmically controlled disease 
and pest resistances and tolerances, and unique nuclear-
cytoplasmic interactions such as cytoplasmic male sterility 
and plastome mutator systems. It also makes it possible to 
use of potential sources of nucleo-cytoplasmic heterosis and 
various advantageous agronomic traits associated with 
organelle genomes. 
A comparison of organelle DNAs permits the construction 
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of a ctDNA phylogeny and a critical evaluation of the 
evolutionary relationships between G_2_ max, gracilis and 
G. soja. Phenotypically, G_j_ gracilis plants are 
intermediate between Gj_ soja and G_L max. Some question has 
arisen as to whether G_^ gracilis is an evolutionary 
intermediate between G_^ soja and G_^ max, or whether it is an 
introgression product of a cross between the two (Hadley and 
Hymowitz, 1973). Based upon restriction fragment patterns 
of mtDNA, Sisson et al. (1978) favored the 'introgression' 
hypothesis. They found that mtDNA from G_L gracilis was 
indistinguishable from mtDNA from Gj_ max maternal ancestors. 
Based upon the assumption that mitochondria are maternally 
inherited this would suggest that Gj^ max was the female 
parent in the introgression cross. With the exception of 
Peking, which seems to have a cytoplasm unique to G. 
gracilis or G_i. soja, our observation of the bifurcation of 
Eco R I restriction fragment patterns, separating G_^ max 
from G_i. 8oja and G_^ gracilis also supports the 
'introgression' hypothesis. However, our results, assuming 
chloroplasts are maternally inherited, would suggest that G. 
soja was the female parent in the introgression cross. 
Our data are not inconsistent with those of Sisson et 
al. (1978) if one considers that the mtDNA variation 
observed in their study may have occurred in G_^ soja after 
introgression with ^  max. If Gj^ max and G^^ soja had the 
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same mtDNA Sal I cleavage sites at the time of 
introgression, a change in Gj_ so.ia. Sal I cleavage sites 
after introgression would make it appear as if G_^ max was 
the female parent in the cross. Only a further analysis of 
mtDNA from many more sources of G_i. gracilis and G_^ so.ja 
germplasm could support or weaken this hypothesis. 
Our results with the enzyme Cla I are somewhat more 
confusing but are corroborative of the 'introgression' 
hypothesis, with _G^ so.ja as the female parent. 
Interspecific occurrence of Type A Cla I patterns suggests 
that a mutation from Type A to Type B plastome occurred in 
G. max before or after the introgression cross with G_^ soja 
so that we observe Type A Cla I patterns in all three 
species. 
Our proposed phylogenetic scheme (Fig. 4-) fits well 
with the 'introgression' hypothesis. According to our 
scheme, separation of Gj_ soja and G_^ max occurred 
concurrently with a mutational change of Eco R I Type B 
plastome to Eco R I Type A plastome. Part of the population 
of Gj_ max subsequently underwent a change from a Type A Cla 
I plastome to a Type B Cla I plastome. The introgressive 
cross probably occurred between G. soja (Type B Eco R I; Type 
A Cla I) and Gj_ max (Type A Eco R I; Type A or B Cla I) to 
yield G^ gracilis (Type B Eco R I; Type A Cla I). Parts of 
the population of G_^ gracilis then underwent changes from 
Figure 4» Proposed phlyogenetic scheme of chloroplast DNA evolution 
in the genus Glycine 
Phylogeny is based on restriction fragment polymorphisms in 
ctDNAs. E/A = EcoRI fragment-pattern type A, E/B = EcoRI 
fragment-pattern type B. C/A, C/B, C/C, and C/D = Clal 
fragment-pattern types A, B, C, and D, respectively. 
Primitive ancestor 
(E/B; C/A) 
G. soja 
(E/B; C/A) 
G. gracilis 
(E/B; C/A) 
G. gracilis 
(E/B; C/C) 
^ G. gracilis 
(E/B; C/A) 
G. gracilis 
(E/B; C/D) 
G. max 
(E/A; C/A) 
G. max 
(E/A; C/B) 
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Type A Cla I plastome to Types C and D plastomes. 
The wide variety of plastome types among Plant 
Introductions of gracilis suggests that ctDNA has 
undergone rapid nucleotide changes in this species. Frankel 
et al. (1979), on the basis of ctDNA polymorphism in 
Micotiana, suggested that certain nuclear combinations can 
modify the nucleotide sequence of the chloroplast genome. 
There are other numerous reports that chloroplast mutations 
can be induced by nuclear genes (Kirk and Tilney-Bassett, 
1968). If the 'introgression' hypothesis is correct it is 
conceivable that the combination of alien cytoplasm and 
alien nuclear components has served to create a more rapid 
rate of plastome evolution within the introgression product; 
G. gracilis. 
In any type of evolutionary scheme, we would expect to 
see early events widely represented in the gerraplasm 
collection and late events, because of less time for 
geographic distribution, to be relatively rare within the 
germplasm collection. Though we have screened only a tiny 
fraction of the soybean germplasm collection this is indeed 
what we see. Our phylogenetic scheme is, of course, only 
one explanation for the results we observed. It does, 
however, seem to be the simplest explanation. More 
extensive analysis, with more enzymes and more selection 
from the germplasm collection, may prove our scheme 
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untenable. A more extensive comparison, including ratDNA, 
would do much to support or disprove our scheme. 
We have met our research objectives and have identified 
sources of cytoplasmic diversity within the soybean 
germplasm collection. Quite probably, given the apparent 
rapid rate of mtDNA evolution (Wallace, 1982), an analysis 
of mtDNA from these same sources could yield even more 
sources of variation. We have sampled only about 0.4-2% of 
the soybean chloroplast genome and have found a limited 
amount of intraspecif ic ctDNA polymorphism among G_^ max 
cultivars and Plant Introductions and among G_^ gracilis 
Plant Introductions. Though intraspecific ctDNA variation 
does not seem to be common, it has been observed before. 
Intraspecific ctDNA polymorphism has been observed among 
accessions of Lycopersicon peruvianum (Palmer and Zamir, 
1982). 
Because of the high degree of base sequence 
conservation (Lamppa and Bendich, 1981) and the relative 
rarity of major rearrangements during ctDNA evolution 
(Palmer and Thompson, 1982), changes in restriction fragment 
patterns can probably be interpreted as single base changes 
(Palmer and Zamir, 1982) rather than as the result of 
genomic rearrangements (Palmer and Shields, 1984). Because 
of the complexity of the mitochondrial genome (Levings, 
1983; Ward et al., 1981) and its rapid rate of evolution 
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(Wallace, 1982), we feel that the identification of cyto­
plasmic diversity on the basis of ctDNA variation might give 
a truer picture of evolutionary change of the cytoplasm. 
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SUMMARY AND DISCUSSION 
For many years multiple copies of organelles, high 
organelle genome ploidy levels, and the general uniparental 
inheritance of plant organelles, for most species, provided 
a stumbling-block in the analysis of mitochondrial and 
chloroplast genomes. Only in recent years have we begun to 
understand the physical make-up of organelle genomes and to 
grasp their importance in regulating everyday plant 
biological functions. 
The research reported in this dissertation has done 
much to further our knowledge of soybean organelle genetics. 
The first part of this research entailed a classical genetic 
and physiologic approach to identifying and characterizing a 
new cytoplasmically inherited yellow foliar mutant 
(Shoemaker et al., 1984b). 
cyt-YQ is only the third maternally inherited mutant 
to be reported in soybean. Its agronomic importance is 
nonexistent or at least severely limited, but it will 
undoubtedly have some value in physiological and biochemical 
studies of chlorophyl biosynthesis, or in organelle 
segregation studies. In any event, the characterization of 
another cytoplasmically inherited mutant provides a firmer 
foundation for our understanding of the importance of 
organelle genomes in plant genetics. 
The first molecular portion of my research was reported 
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in Section II, the identification and physical location of 
the coding sequences for PS II and LS. In Section II I 
showed that the physical organization of the soybean 
chloroplast genome is similar to the organization of most 
other legume chloroplast genomes. This was not unexpected, 
but considering the apparent uniqueness of several other 
legume chloroplast genomes (Lamppa and Bendich, 1981; Chu 
and Tewari, 1982; Roller and Delius, 1980) it was a question 
that needed to be asked and answered. Had Spielmann et al. 
(1983) not answered the question first, my results perhaps 
would have meant more. 
In the past, the soybean had always proven to be a 
recalcitrant species when it came to yielding good 
quantities of undegraded, restrictable ctDNA. This problem 
became painfully evident during the course of the 
experiments reported in Section II. During this period, it 
became obvious that standard isolation procedures were not 
adequate to conduct any type of large-scale analysis of 
soybean ctDNA. 
My work in Section III marked the beginning of the 
long, tedious process of developing a new procedure for 
isolationg ctDNA from soybean. Degradation of ctDNA by 
naturally occurring nucleases was one possible explanation 
for the inability to routinely obtain undegraded ctDNA from 
soybean. The most logical approach to solving this problem 
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seemed to be to identify nuclease activity and inhibit it. 
In the 'DNAse' work, I adapted techniques that 
previously had been used in cell and protoplast DNA-uptake 
studies. By using physical and chemical conditions that had 
been reported to inhibit nuclease activity, and by 
incorporating a nuclease activity assay (Schaefer et al., 
1981), I was able to determine the physical parameters 
necessary to inhibit the nucleases naturally associated with 
soybean chloroplast preparations. Though this work was 
reported primarily for its significance in future genetic 
transformation studies (Shoemaker et al., 1983), it provided 
a basis for establishing a ctDNA preparation protocol 
optimized for soybean ctDNA. 
Chloroplast DNA for the majority of the experiments 
reported here was isolated according to the ctDNA-enrichment 
procedure detailed in Section IV (Shoemaker et al., 1984a). 
This procedure represents the compilation of over three 
years of 'hit-and-miss' trials, until finally, nearly 
optimal conditions for isolating ctDNA from soybean had been 
achieved. The protocol reported in Section IV dispenses 
with DNAse treatment and lengthy washes and allows for the 
rapid isolation of soybean DNA enriched for ctDNA. This 
procedure has opened doors to soybean ctDNA analyses that 
untill now had been closed. Large-scale analyses of soybean 
ctDNA are now possible. 
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The usefulness of a soybean ctDNA preparation procedure 
was first demonstrated in Section V. In this section, ctDNA 
from cytoplasmically inherited soybean mutants was isolated 
and compared to ctDNA from normal soybeans. This section 
also reports the isolation and comparisons of mtDNAs from 
mutant and normal plants. 
Considering the size of organelle genomes and the 
relative rarity of recognition sequences for any particular 
endonuclease, I would have been exceptionally lucky to have 
detected a point-mutation in a mutant organelle genome. 
All that I could have hoped for was to detect a major 
genomic rearrangement, relative to a normal sib. Never the 
less, these experiments needed to be done. Major genomic 
rearrangements needed to be ruled out before we could assume 
that point-mutations were causing the mutant phenotype. As 
I stated before, the absence of restriction fragment size 
polymorphism told us a great deal bout the nature of the 
mutation causing the cyt-Yp phenotype. 
The presence of restriction fragment size polymorphism 
between non-sib cytoplasmic variants probably represents 
evolutionary divergence rather than a discrete single 
mutational event. The detection of fragment size 
polymorphisms between both mtDNAs and ctDNAs does however, 
provide a solid foundation from which to conduct additional 
studies on the relationships and phylogeny of green 
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cotyledon mutants. 
The final section in this dissertation firmly 
demonstrates the ease with which ctDNA from large numbers of 
cultivars and Plant Introductions can now be isolated and 
analyzed. In Section VI, I report that cytoplasmic 
uniformity does exist within the germplasm of commonly grown 
cultivars. In addition to this, I identify several sources 
of cytoplasmic diversity. Considering the agronomic 
importance of soybeans, cytoplasmic uniformity is not an 
acceptable condition. Diverse cytoplasms need to be 
identified and incorporated into commonly grown cultivars. I 
feel that this part of my work has been critical to soybean 
germplasm development. Breeders are now able to utilize 
diverse cytoplasms in breeding programs, if they wish. 
Section VI does more than simply identify diverse cyto­
plasmic types. The implications of intra- and interspecific 
ctDNA variation seem almost boundless. It is now possible 
to assess ctDNA in the genus Glycine in terms of 
phylogenetic/evolutionary relationships. The fact that 
certain regions of ctDNA, in some cultivars and Plant 
Introductions, seem more resistant to endonuclease cleavage 
than other regions (personal observation) suggests that the 
DNA environment surrounding these regions is unique 
(Armstrong and Bauer, 1982). This, in turn, raises questions 
about the evolutionary implications of these 'unique' en-
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vironraents (Keene and Elgin, 1984). Section VI also 
provides adequate information to carry on more pragmatic 
research, such as the determination of maternal, paternal, 
or biparental inheritance of ctDNA in soybean, or the 
correlation of phenotype to a unique restriction fragment 
pattern. In short, Sections V and VI have provided a wide 
range of molecular markers for identifying and tagging 
specific cytoplasms. 
In summary, the work for my doctoral dissertation 
research has been both tedious and frustrating, and exciting 
and professionally stimulating. I have been forced to spend 
hundreds of hours working out techniques that would have 
been routine for almost any plant system except soybean. 
But I have also had the opportunity to be first. Because of 
the problems in isolating soybean ctDNA not much had been 
done with it. I have had the opportunity to optimize 
soybean ctDNA preparation procedures and to conduct 
experiments and analyses that provided both basic and 
immediately useful information. Some of the studies 
reported in this dissertation have opened up new horizons 
for the understanding of soybean organelle molecular 
genetics and of soybeans phylogentic relationship to its 
related species. A seemingly infinite variety of 
experiments need to be conducted yet. This research has 
been only a start. But it has been a start. 
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APPENDIX 
An analysis and comparison of the organelle genomes of 
various soybean cultivars is only meaningful if the 
pedigrees of the cultivars is known. The three tables 
presented in this Appendix show the ancestry of the G_j_ max 
cultivars analyzed in this research. These tables divide 
the cultivars studied in this research into a group derived 
from hybridization and selection, a group selected from 
original accessions, and a group whose origin is 
questionable. These tables include only cultivars whose 
Plant Introduction numbers have not been reported in the 
text of this dissertation. 
U7 
Table Al. Pedigrees of soybean cultivars derived from 
crosses and analyzed for restriction fragment 
polymorphisms 
Cultivar Maternal Parent Pedigree 
Clark 
Dorman 
Hark 
Lincoln 
Mandarin 
Dunfield 
Hawkeye 
Mukden 
Harosoy 
Lincoln X Richland 
Mandarin X Manchu 
P.I. 36653 
Dunfield X Arksoy 
P.I. 3684.6 
Hawkeye X Harosoy 
Mukden X Richland 
P.I. 50523Q 
Mandarin (Ottawa)^ 
X A.K. (Harrow) 
Mandarin (Ottawa) P.I. 36653 
U8 
Table A2. Plant Introduction numbers for soybean cultivars 
analyzed for restriction fragment polymorphisms 
Cultivar Plant Introduction Number 
Arksoy P.I. 86736 
Dunfield P.I. 36846 
Kingston P.I. 17255 
Manchu P.I. 30593 
Mandarin P.I. 36653 
Minsoy P.I. 27890 
Mukden P.I. 50523Q 
Peking P.I. 17852B 
Richland P.I. 70502-2 
Tokyo P.I. 8424 
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Table A3. Pedigrees of soybean cultivars with 
indeterminate origins 
Cultivar Pedigree 
A.K. 
CNS 
mini 
Medium Green 
Polysoy 
Roanoke 
Sooty 
Unknown 
Rogue in Clemson 
(P.I. 71569) 
Selection from A.K. 
Guelph 
Unknown 
Rogue in Nanking 
Selection from Cloud 
(P.I. 16790) 
